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INTRODUCTION 
Chromosomal tandem duplications have been detected in a 
wide variety of microorganisms and they can encompass large 
segments of the chromosome (1). Because tandem duplications 
contain contiguous chromosomal segments, it has been proposed 
that they can be used for mapping purposes in a fashion 
similar to the conjugal system of Escherichia coli. 
The potential value of tandem duplications as a means of 
chromosome mapping in Staphylococcus aureus has been 
recognized for some time. However, the identification and 
genetic characterization of tandem duplications is best done 
using two transposons capable of insertion into diverse 
scoreable genes throughout the chromosome; each transposon 
also must confer a unique selectable phenotype. Although 
TnSSl and Tn917 fulfill the requirement for diverse 
chromosomal insertions, and often insertionally inactivate 
scoreable genes, they both confer macrolide-lincosamide-
streptogramin B (MLS) resistance which is usually measured as 
resistance to erythromycin (Em^). While the Em*" of Tn55I is 
constitutive, as opposed to an inducible Em*^ with Tn9I7, this 
difference is sufficiently subtle as to preclude using these 
two transposons in their wild-type form. The other two 
transposons that exhibit diversity of chromosomal insertions 
are unsatisfactory as well; Tn4001, which confers gentamicin 
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resistance (Gm'^), is somewhat unstable after insertion and 
Tn916, which confers tetracycline resistance (Tc*^), undergoes 
transposition in S. aureus at exceedingly low frequency. 
The first objective of this research was to construct two 
Tn9I7 derivatives, one containing the Gm"^ gene of Tn4001 and 
the other, the Tc'' gene of pT181. To avoid recovering the 
ligation products in E. coll (which complicates the choice of 
vectors), most of the recombinant DNA manipulations were done 
in S. aureus. To facilitate the recovery of the two Tn9I7 
derivatives after ligation, it was necessary to develop a more 
efficient means of plasmid transformation. After evaluatin 
alternative methods, electroporation was selected as the most 
efficient means of plasmid transformation. However, it was 
necessary to optimize the parameters affecting electroporation 
efficiency to facilitate successful introduction of ligation 
mixtures, thereby allowing the recovery of the Tn917 
derivatives directly from their ligation mixtures. 
The second objective was to evaluate the behavior of the 
Tn9I7 derivatives. Their stabilities, frequencies and 
patterns of transposition to the chromosome were determined. 
This was necessary not only so that they could be applied to 
the isolation of new markers in previously unmapped regions of 
the chromosome, but so that they could be used to identify and 
characterize tandem chromosomal duplications. 
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The third objective was to determine whether tandem 
chromosomal duplications occurred in S. aureus, and if so, to 
characterize representative duplications by both genetic and 
physical means. If they occur, they provide an attractive 
alternative to classical genetic mapping strategies. 
Moreover, because they can involve large tracts of the 
chromosome, their ability to detect weak linkages provides a 
definite advantage over classical mapping techniques. 
Detection of tandem duplications depended on transduction of 
wild-type S. aureus with donors carrying stable transposon-
induced auxotrophic mutations. Only one of the two wild-type 
alleles present in a duplication can participate in 
recombination, resulting in a prototrophic transductant 
expressing the resistance phenotype of the transposon. The 
extent of the duplications was defined genetically with a 
library of transposon-induced auxotrophs that exhibited a 
second transposon-specific resistance. Physical mapping of 
the tandem duplications by PFGE was undertaken using the 
available physical map of S. aureus and DNA hybridization. 
Physical mapping yielded an unambiguous description of the 
duplications, and avoided several problems that are inherent 
to the use of transposon-induced auxotrophic mutations (i.e., 
suppression, reversion, and insertions near but not in the 
genes they effect). 
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LITERATURE REVIEW 
Transposon Applications 
Transposons have been used extensively in the molecular 
and genetic analysis of many microorganisms. Some of the 
characteristics of transposons that make them useful for 
genetic analysis have been outlined by Kleckner et al. (41). 
Briefly, most transposons are capable of inserting randomly 
and frequently throughout the chromosome, mutations generated 
by insertion of the transposon in a gene result in loss of 
function genetically linked to the phenotype of the 
transposon, reversion of the mutation usually correlates with 
loss of the phenotype conferred by the transposon, and 
insertions in an operon are polar. 
Transposons that possess these characteristics can be 
utilized in many ways as reviewed by Kleckner et al. (41) and 
Berg and Berg (10). Some of these applications are: 
transposons can be used to characterize the organization and 
regulation of opérons, serve as point mutations in fine-
structure analysis, aid in the construction of strains and 
serve as portable regions of homology. Transposon insertions 
can be used to isolate mutations in genes which do not possess 
an easily selectable phenotype and to isolate insertions near 
but not within a specific target. They can generate 
rearrangements (duplications, deletions, translocations, and 
inversions). They can be sources of useful restriction sites. 
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aid in vivo cloning, and facilitate DNA cloning and 
sequencing. 
Transposons used in S.aureus 
A limited number of transposons have been isolated from 
Gram-positive microorganisms and have been used to map the S. 
aureus chromosome. These include Tn55I, Tn5I5, Ti\4001, and 
Tn5l7. 
Tn55I is a 5.2-kb class II transposon that confers a 
constitutive MLS resistance usually scored as Em"^. Tn55I 
belongs to the Tn3 family based on extensive homology between 
the ends of the transposons, which consist of 40 bp of 
inverted repeats (38 bp of inverted repeats on Tn3; 40). 
Transposition occurs via a 2-step replicative process in which 
both Tn55I and Tn3 generate 5-bp duplications of target DNA, 
form cointegrates as intermediates and are resolved by a 
resolvase that is encoded by the transposon (34, 95). 
Tn55I was first implicated as being a transposon by 
Novick in 1967 (66). He demonstrated that the Em"^ resistance 
gene of pI258 could insert on the S. aureus chromosome in the 
absence of other pI258 phenotypes after transduction with UV-
irradiated phage 80a propagated on a strain bearing pI258. 
The isolation of a temperature-sensitive derivative of pI258 
by Novick (67) greatly facilitated isolation of silent and 
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auxotrophic insertions (70) of Tn551 into the S. aureus 
chromosome. These chromosomal insertions of TnSSl added to 
the number of markers available to expand the three linkage 
groups of genetic loci defined by transformation (78). 
TnSSl has also been used in fine-structure analysis of 
the trp-thy region of the S. aureus chromosome. Generalized 
transduction was used to define the location and order of the 
TnSSI-induced and chemically-induced auxotrophic mutations and 
several silent insertions in that region (86). Luchansky and 
Pattee (54) utilized TnSSI to isolate insertions near but not 
within specific targets to facilitate further expansion of the 
three linkage groups of the S. aureus chromosome. 
Since TnSSI generates random stable insertions, it has 
been used extensively to locate and analyze the regulation of 
several genes that express important virulence and exoprotein 
products of S. aureus (11, 14, 46, 71, 76, 98). Because TnSSI 
had been used so heavily, genetic crosses to test for linkage 
became difficult because of the growing reliance on TnSSI (all 
insertions of TnSSI confer Em*^). The usefulness of TnSSI was 
extended somewhat by isolating Em® mutants of TnSSI-induced 
auxotrophs in which the TnSSI element remained in the 
inactivated gene, but the Em"^ phenotype of TnSSI was lost 
because of spontaneous point mutations within the ermB gene 
(79) . 
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1x1916 is a 16.4-kb conjugal tetracycline resistance (Tc'") 
transposon first described by Franke and Clewell (27, 28) in 
Enterococcus faecalis. Tn916 is the prototype for a class of 
conjugative transposons that almost invariably confer Tc*^ and 
are capable of conjugal transfer and transposition into a 
large number of Gram-positive and Gram-negative microorganisms 
(20). Chromosomal insertions of Tn916 on the S. aureus 
chromosome were obtained via intergeneric protoplast fusions 
and filter matings between E. faecalis carrying pADl:;Tn9I5 
and pAD5::Tn916 and S, aureus and also via intrageneric 
matings between S. aureus strains (39). Tn916 inserted 
randomly throughout the chromosome as demonstrated by DNA 
hybridizations of genomic digests resolved by agarose gel 
electrophoresis. These insertions were recovered at very low 
frequencies and none resulted in an auxotrophic phenotype (39) 
which would have useful in determining the reversion rate of 
Tn916 in S. aureus. 
Sequential transposition of Tn916 in S. aureus was 
demonstrated by Yost, et al. (105) when mixed protoplasts of 
S. aureus strains, one of which carried a chromosomal copy of 
Tn9l6, were allowed to regenerate into walled cells. Fusion 
of the protoplasts was not required for transfer. However, 
the frequencies of intraspecies transfer of Tn916 within S. 
aureus were no higher than the interspecies transfer 
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frequencies obtained by Jones et al. (39). Bortner (13) was 
unable to clone Tn9I6 onto a delivery vehicle that would 
facilitate increased transposition to the S. aureus 
chromosome. Because of the low frequency of transposition of 
111916, it has not been developed for use as a genetic tool in 
S. aureus. 
Tn4001, like the more familiar Tn5 and TnlO, is a 4.5-kb 
composite class I transposon that confers Gm\, kanamycin% and 
tobramycin*". Tn4001 was first detected on pSKl by Lyon and 
Skurray (56). The central portion of TnéOOl, which contains 
the Gm"^ gene, is flanked by two IS256 elements. The 1.35-kb 
IS256 element consists of inverted repeat sequences that are 
unique because the left and right arms are almost identical 
(15). IS256 is capable of independent transposition and has 
been detected in the absence of Tn4001 in the genome of many 
clinical isolates of S. aureus (24, 55). 
Mahairas (57) performed transposon mutagenesis with 
Tn4001 via temperature-sensitive delivery plasmids in S. 
aureus. The chromosomal insertions of Tn4001 resulted in both 
silent and auxotrophic insertions, but the insertions occurred 
preferentially in distinct areas of the chromosome. It would 
have been more useful to have isolated insertions of Tn4001 in 
regions of the chromosome in which few Tn551 and Tn916 
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insertions had been obtained; this would have provided a 
selectable marker for genetic crosses that was needed in order 
to develop those regions of the chromosomal map. 
Mahairas (52) found that frequent integration of the 
whole delivery plasmid could only be avoided if transposition 
occurred in a Rec host strain. Reversion frequencies of 
auxotrophic insertions of Tn4001 were between 5 x 10* and 1 x 
lO"^ (57) which is high compared to the reversion frequencies 
of Tn551-induced auxotrophs (between 4.2 x lO'^ and <9.3 x 10*) 
(70, 79). This instability is attributed to the properties of 
the IS256 element and has limited the use of m4001 in the 
genetic mapping of S. aureus. 
Tn917 is a 5.4-kb class II transposon that was first 
detected in E. faecalis by Tomich and Clewell (103). Tn917 
confers an inducible MLS resistance (Em"^) phenotype and 
transposition is enhanced by the addition of subinhibitory 
amounts of erythromycin (102, 103). Sequence data of Tn917 
reveals extensive homology between the terminal inverted 
repeats and the erm genes of TnSSI and Tn9I7 (80, 87). Their 
restriction maps are very similar, and Tn551/Tn917 
heteroduplex molecules display continuous annealing throughout 
nearly their entire lengths, even under stringent conditions. 
Like other members of the Tn3 family, Tn917 generates a 5-bp 
duplication of the target region upon insertion. 
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Youngman (106, 107) constructed several Tn917 derivatives 
with enhanced usefulness in Bacillus subtilis. To extend the 
usefulness of Tn9I7 and its derivatives in other Gram-positive 
organisms, such as S. aureus, where the upper limit to growth 
temperature is below the 48°C non-permissive temperature used 
with B. subtilis, Youngman prepared derivatives of pTVl, which 
carries Tn917, and pTV32, which carries Tn9171ac, in which the 
temperature-sensitive S. aureus pE194(ts) replicon replaced 
the wild-type pE194 replicon (106). These derivatives are 
designated pTVl(ts) and pTV32(ts). Fig. 1 illustrates 
pTV32(ts) in which Tn9171ac contains a promoterless lacZ gene 
that has been used as a promoter probe for sporulation-
specific genes in B. subtilis. pTV20 bears another Tn917 
derivative in which sequences of pBR322 were cloned into the 
Sail site of Tn9I7. This derivative of Tn917 is not capable 
of transposition, but has been used to clone sequences 
flanking Tn9I7 or Tn9171ac chromosomal insertions of the B. 
subtilis chromosome into E. coli (107). 
Transposon mutagenesis with Tn917 and Tn9171ac in S. 
aureus has yielded numerous stable auxotrophic insertions and 
a few silent insertions. However, the similarities in the MLS 
resistance phenotypes of Tn9i7 and Tn55I do not contribute to 
the diversification of markers needed for the continued 
Fig. 1. Restriction map of pTV32(ts). pTV32(ts) is a 
temperature-sensitive plasmid used to generate 
Tn9171ac transpositions. The choloramphenicol 
transacetylase (cat) gene serves as a plasmid 
marker. Tn9171ac, which is 8.3 kb, contains the 
promoterless lacZ gene of E. coli to detect 
transcriptional fusions. Redrawn from Youngman 
(106). 
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development of the chromosomal map of S. aureus. 
Genetic and Physical Mapping of S. aureus 
Genetic mapping 
Generalized transduction was first demonstrated in S. 
aureus by Ritz and Baldwin (84) who reported that several 
phages of the International Typing Series were capable of 
transducing resistance to penicillin. Transduction is widely 
used for strain constructions, plasmid transfers, and other 
routine manipulations involving the transfer of readily 
selectable phenotypes between different strains. 
Transduction is a powerful tool for fine-structure 
mapping of specific regions of the S. aureus chromosome as 
demonstrated by the analysis of the histidine (42), lysine 
(8), and tryptophan opérons (81), and of the trp-thy region 
(86). However, the linkage distances that can be measured by 
transduction are limited to the headful capacity of the 
transducing phage (about 42 kb; 96). Therefore, transformation 
has been the primary means for the construction of the 
chromosome map of S. aureus. 
Lindberg et al. (53) was the first to demonstrate 
transformation of chromosomal markers in S. aureus. Their 
transformation protocol for S. aureus was refined by 
demonstrating the enhancement of transformation efficiencies 
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by the addition of helper phage (100) and normal rabbit serum 
(99). All serogroup B phage examined served as helper phage, 
and they are thought to facilitate DNA uptake by modifying the 
recipient cell surface in an unknown manner. The addition of 
normal rabbit serum to cells during transformation increased 
the transformation frequency by 300%. This enhancement is 
caused by fibronectin (99), which apparently facilitates 
uptake of DNA bound to the cell or stabilizes the competent 
cell. Although the mechanism for transformation in S. aureus 
is complex, the use of rabbit serum and helper phage results 
in sufficiently consistent results to allow its use in mapping 
chromosomal markers. 
Protoplast fusion analysis 
Transformation and transduction analysis are limited by 
the size of the donor fragment that can be transferred. Heavy 
reliance on Tn551 resulted in a limited number of genetic 
crosses that could be performed to establish the relationship 
of the three linkage groups into what was assumed to be a 
single circular chromosome. Therefore, a method was needed 
that would, at least ideally, facilitate the recombinational 
analysis of the entire chromosome. 
A computer-assisted protoplast fusion protocol was 
developed by Stahl and Pattee (93). Fusions were performed 
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with S. aureus protoplasts to conduct 9- and 10- factor 
crosses that were analyzed with a BASIC computer program that 
calculated the incidence of each allele for all unselected 
markers, tabulated the coinheritance frequencies for all pairs 
of markers, and determined the minimum number of crossovers 
required to account for each observed phenotype. High 
molecular weight DNAs from protoplasts then were used in 
transformations to confirm linkages between two of the three 
previously defined linkage groups, and to confirm the location 
of several previously unmapped markers whose chromosomal loci 
were estimated by protoplast fusion (94). Because of the 
inherent ambiguity of protoplast fusion data, some areas of 
the chromosome were still unresolved (Fig. 2). Either new 
genetic markers were needed or a method was needed that would 
unambiguously define the order and orientation of the existing 
linkage groups to complete the chromosome map of S. aureus. 
Physical mapping 
Smith et al. (90) reviewed the principles involved in 
pulsed-field gel electrophoresis (PFGE). PFGE has the 
capability to separate large (i.e., several megabases) DNA 
fragments that cannot be resolved with conventional gel 
electrophoresis. PFGE employs alternating electrical fields 
applied for equal time intervals (pulse times) whose duration 
Fig. 2. Chromosome map of S. aureus NCTC 8325. This map 
was established by protoplast fusion and 
transformation (98). The map is divided into 
18 segments, each of whose ends is defined by a 
pair of cotransformable markers except where the 
circle is dashed; the dashed segments reflect gaps 
whose sizes exceed the capacity of available 
transforming DNA. Markers: thy, thymine 
requirement; tyrB, L-tyrosine requirement; 034 and 
040, chromosomal insertion sites of TnSSI; rib, 
riboflavin requirement; tmn, constitutive 
tetracycline-minocycline resistance; 0109, 
chromosomal insertion of Tn4001; purB, adenine + 
guanine requirement; agr, accessory gene 
regulator; ilv, L-isoleucine-L-valine reqirement; 
pig, absence of golden-yellow pigment; uraA and 
uraB, uracil requirement; his, L-histidine 
requirement; nov, novobiocin resistance; mec, 
methicilllin resistance; tet, inducible 
tetracycline resistance; fus, fusidic acid 
resistance; pur-140 and purC, purine requirement; 
OllOl, chromosomal insertion of Tn915; thrB, L-
threonine requirement; trp, L-tryptophan 
requirement. 
17 
trp thy 
ihrB tyrB 
uraB 
rib 
tmn 
purB 
ilv 
tet 
mec 
uraA 
18 
is optimized for the size range of the DNA fragments to be 
resolved. Longer pulse times yield better resolution of large 
DNA fragments, probably because large DNA fragments require 
greater time to reorient and begin migration than small DNA 
fragments at the onset of each new pulse. Conversely, small 
fragments of DNA are thought to reorient faster, and thus 
migrate in response to each new pulse faster, than large DNA 
fragments. In practice, greater resolution of small DNA 
fragments is attained with shorter pulse times. 
The two specific forms of gel electrophoresis that are 
widely used for the analysis of chromosomal DNA are field 
inversion gel electrophoresis (FIGE) and contour-clamped 
homogeneous electric field electrophoresis (CHEF). In FIGE, 
the electric field is periodically inverted (180°) with a 
pulse in the reverse direction that is shorter in length or of 
a lower field strength than the pulse in the forward direction 
(35). Because existing conventional horizontal gel boxes are 
used, FIGE is most often used in epidemiological studies and 
to identify and classify different strains of the same 
bacterial species, especially in clinical settings (31, 32, 
43, 52). CHEF, a form of PFGE, consists of 30 electrodes that 
are arranged in a hexagonal contour and are clamped to 
predetermined electric potentials. The electric field that is 
generated alternates between two orientations, usually 120° 
(18). 
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Smith et al. (89, 90) first applied PFGE to prokaryotes 
in their analysis of the E. coll chromosome. Smith et al. 
(90) described the preparation of intact chromosomal DNA 
amenable to restriction by lysis and treatment of cells 
embedded in an agarose matrix to prevent shearing of newly 
released DNA. Restriction endonucleases that infrequently cut 
the genomic DNA, so-called rare cutters, were used to generate 
a manageable number of large genomic DNA fragments. The sizes 
of the DNA fragments were determined by comparing their 
migration to those of multimers of k DNA and intact yeast 
chromosomes whose molecular weights are known. Using 
different pulse times to resolve different molecular size 
ranges and genomic DNA independently digested with either NotI 
(22 fragments) or Sfil (26 fragments). Smith et al. (90) found 
that the size of the E. coll K-12 genome (including A prophage 
and integrated F) was 4.7 Mb (89). Smith et al. (90) 
determined the order of these fragments using DNA 
hybridization with cloned DNA fragments, shifts in fragments 
linked to known genetic rearrangements (i.e. insertions of k), 
hybridization with junction probes, and partial digestion with 
a restriction endonuclease (89). The protocols described by 
Smith et al. (91, 90) have been applied to the analysis of the 
genomes of a large number of microorganisms (17, 46, 48, 82). 
Their application to S. aureus is modified only by the 
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substitution of lysostaphin for lysozyme in the lysis of the 
agarose-embedded cells. 
The current chromosomal map of S. aureus NCTC 8325 is 
depicted in Fig. 3. The most useful enzymes for the physical 
mapping of the S. aureus chromosome are Smal, Cspl, SgrAl and 
AscI (Fig. 4). Digestion with Smal was used to estimate the 
size of the S. aureus chromosome (2780 kb; 72). Smal yields 
17 fragments that range in size from 9 to 673 kb, 14 of which 
have been located on the genetic map. The three smallest Smal 
fragments (SmaI-0, Smal-P, and Smal-Q) have not been mapped 
because they lack markers needed to establish their locations 
on the genetic map. Most of the original work using Smal was 
done using the vertical PFGE box described by Gardiner et al. 
(29) at 10°C using pulse times between 1 and 20 sec at 175 mA 
and A, multimers as molecular weight standards. Utilization of 
shorter pulse times (1 or 2 sec) resolved Smal-N, SmaI-0, 
Smal-P, and Smal-Q, and pulse times of 12 and 20 sec were used 
to resolve the other Smal fragments. Smal-A migrated behind 
the largest k multimer that could be consistently resolved. 
Because Tn917lac contains an internal Smal site, insertions of 
this element on Smal-A provided a means of dividing the Smal-A 
fragment into fragments whose sizes could be estimated by 
comparison with the then-available molecular weight standards. 
Therefore, strains containing insertions of Tln9171ac into the 
Fig. 3. Physical and genetic map of S. aureus NCTC 8325. The restriction enzymes 
used are SmaT, Cspl, SgrAl, and Ascl. n numbers correspond to silent 
insertions of different transposons as follows: 01-040 and £11005-01074 
are Tn551 insertions, 01100-01119 are Tn916 insertions, 0104, 0105 and 
01212-01252 are Tn4001 insertions. 0401 and 0402 are insertions of the 
heterologous Hi 555 which contains the toxic shock element. 0420 and 0500 
are sites of chromosomal integrations of pI258. The order of markers within 
paratheneses is unknown. Other markers include: trp, L-tryptophan 
requirement; tyrA and tyrB, L-tyrosine requirement; metc, metA, L-methionine 
requirement; thrh, thrB, and thrC, L-threionine requirement; lys, L-lysine 
requirement; thy, thymine requirement; aroA, aromatic amino acid 
requirement; ala, L-alanine requirement; rib, riboflavin requirement; purA, 
purB, and purC, purine requirement; ilvR and ilv-Ieu, L-isoleucine, L-
leucine, and L-valine requirement; pan, pantothenic acid requirement; his, 
L-histidine requirement; fus, fusidic acid requirement; uraB, uracil 
requirement. Integration sites for prophage are denoted as attill, att$12, 
and att$13. Unique internal SgrAl sites on $12 and $13 not included on the 
physical map, but sizes reflect presence of prophage. The origin of 
replication is thought to be located near dnaA-dnaH-recF-gyrB-gyrA 
(73). All other markers have been identified elsewhere (72, 74). 
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Fig. 4. Illustration of the restriction digests of NCTC 8325 and NCTC 8325-4 with 
the four commonly used enzymes. The migration pattern of 8325 (lysogen) 
and 8325-4 (non-lysogen) fragments generated by digestion with Smal, Cspl, 
SgrAl and AscI, the size of the fragments were estimated with the use of 
lambda multimers as a molecular weight standard. The fragments are 
designated with letters in descending order by size for each enzyme. The 
difference between 8325 and 8325-4 when digested with Cspl are very subtle, 
therefore only the restriction pattern of the lysogen is illustrated. 
Sma I  
8325 8325-4 
Cspl 
8325 
Lambda 
mul timers 
A. 
679.0 kb — 
582.0 kb — " A — 
— B • 
485.0 kb ~ 
436.5 kb — Ci 
338.0 kb — 
339.5 kb — 
291.0 kb — 
242.5 kb — ^ 
194.0 kb — 
145.5 kb 
B  ™  B  "  
G "  D .  
E  E "  
?= Ff 
97.0 kb — I G. 
iS= T. 
48.5 kb — L— L— j. 
M— M — 
NOP a NOP a 
Q— Q — 
Sgrk l  i4scl 
8325 8325-4 8325 8325-4 
b" Ê— 
D — 
B'D'" 
Ebm Emm 
25 
lys, trp, and thrB genes (known to be located on the Smal-A 
fragment) were analysed by PFGE after Smal digestion; the Smaï 
fragment was estimated to be 673.7 kb (72). 
The order of most of the Smal fragments was determined 
from comparison of the genetic map using probes for markers 
with known locations. Transposons typically confer an 
antibiotic resistance phenotype that is a selectable marker 
for genetic mapping and also is a target for hybridization. 
Since many of the mutations that have been mapped result from 
transposon mutagenesis (73), DNA hybridization with probes for 
the transposon identified the approximate location of these 
mutations on the Smal physical map. This information was then 
used to design genetic crosses which would yield more accurate 
linkage data (72). Despite these experiments, the orientation 
of some Smal fragments remained in doubt (72, 74). These 
questions were resolved by constructing physical maps of NCTC 
8325 using Cspl, SgrrAl and AscI, which yield 10, 13 and 6 
fragments, respectively (73). 
The physical maps of strains of S. aureus NCTC 8325 have 
shown some variance, most of which is attributed to variation 
in prophage content. However, other deviations can be caused 
by insertions of transposable elements and other heterologous 
insertions (12, 19, 21, 50, 58). Strain 8325 harbors 
prophages ill, $12, and $13 (each about 42 kb; 96). Prophages 
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$12 and 413 each contain a unique SgrAl site responsible for 
anomalous SçrrAl-B and SgrrAl-D bands; these sites are not shown 
on the Sgrhl map in Figure 3 (73) . Strain 8325-4, which is 
nonlysogenic for these prophage, should exhibit about 126 kb 
less chromosomal DNA than does strain 8325. This difference 
is most evident in Smal digests, where Smal-F of strain 8325 
(about 208 kb) co-migrates with Sjnal-H (about 135 kb) in 
strain 8325-4. A far more subtle difference is seen in the 
migration rate of Smal-A in the two strains because of the $12 
prophage. 
There are 5 phage groups into which most S. aureus 
strains are placed based on their susceptibility to lysis by 
phage in the International Typing Series. S. aureus strains 
of different phage groups exhibit barriers to transfer of 
genetic material from strains in other phage groups. These 
barriers are thought to be due to the restriction and 
modification differences between the phage groups. The 
differences in phage typing patterns within each group are 
attributed primarily to diferences in prophage immunity. 
Historically, phage typing has proven to be a valuable 
epidemiological tool, particularly when applied to relatively 
closed situations exemplified by the epidemiology of 
nosocomial infections in the hospital environment. However, 
phage typing is both subjective and arbitary, is labor-
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intensive, and cannot differentiate those strains resistant to 
all typing phage (44). Goering (31) demonstrated the 
usefulness FIGE in combination with a rRNA gene probe to 
distinguish clinical isolates from two groups which would have 
otherwise been difficult to classify due to their lack of 
plasmid content, similar antibiotic susceptibilities and 
unresponsiveness to phage typing. These studies have helped 
establish FIGE and PFGE as the basis for a superior 
epedemiological typing scheme that has a sound molecular basis 
(31) . 
To determine the degree of relatedness between three of 
the major phage groups of S. aureus, Pattee et al. (77) 
constructed physical maps for phage group I (strain 112) and 
phage group II (strain Ps55) for comparison with phage group 
III strain NCTC 8325. The Smal map of strain Ps55 more 
closely resembles the Smal map of strain 8325 than that of 
strain 112. To determine if the relative gene order was 
conserved between the three phage groups, markers from strain 
8325 were introduced into strains Ps55 and 112. PFGE and DNA 
hybridization were then used to identify the marker loci 
relative in 8325. Some markers (coagulase and staphylococcal 
protein A) appeared at uniform locations on the maps of all 
three phage groups, whereas others, including the lactose 
operon and gamma lysin occupied the same chromosomal loci but 
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were on Smal fragments whose sizes differed from the 
corresponding fragments of strain 8325. 
Assessments of phage typing patterns and ease of plasmid 
and chromosomal marker exchange suggest that the phage group 
II strains are more isolated and evolved relatively 
idependently of S. aureus in other phage groups. PFGE data 
contradict this notion and suggest that the phage group II 
strains rather closely resemble the phage group III strains, 
supporting the need for a classification scheme based on 
molecular data. 
Tandem Duplications of the Chromosome 
Chromosomal tandem duplications have been observed in a 
number of microorganisms: E. coli (25, 36, 37, 51, 101), 
Myxococcus xanthus (7), B. subtilis (85), Salmonella 
typhimurium (1, 97), and Vibrio cholerae (61) . Tandem 
chromosomal duplications result from unequal crossovers 
between IS elements, ribosomal RNA genes (rrn), or other 
sequences or regions of redundancy that recur in the genome 
(4, 36, 51, 68). Recombination between IS elements can occur 
by illegitimate or legitimate recombination and results in 
either duplications or deletions of chromosomal DNA. Hill, 
Grafstrom, and Hillman (36) isolated and characterized closed 
circular DNA formed in strains of E. coli containing 
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chromosomal duplications. These DNAs were the size expected 
if recombination occured between rrn genes. Legitimate 
recombination between copies of the same IS element at 
different loci on a single chromosome also occurs and accounts 
for the high incidence of tandem duplications in a 
recombination-proficient cell (36). 
Since tandem duplications of the chromosome involve no 
loss of function, they can occur relatively frequently (lO"^ to 
lo"^) and can encompass as much as 25% of the chromosome (3) . 
Since chromosomal tandem duplications can occupy such large 
regions of the chromosome, it has been suggested that they 
could provide a means of genetic mapping in organisms in which 
alternative mapping methods are not available. Avery and 
Kaiser (7) utilized Tn5 and a Tn5 derivative which conferred 
tetracycline resistance to detect tandem duplications of the 
Af. xantbus chromosome. Their experiments illustrate the 
usefulness of transposons as selectable markers when the 
genetics of a microorganism is undefined and mutations in 
genes of a scoreable phenotype are unknown. 
Tandem duplications can be detected by three basic 
approaches: gene dosage, operon fusion and coinheritance of 
allelic markers (3). Several investigators have detected 
duplications of the chromosome that resulted in increased gene 
product for the genes duplicated; examples include the lactose 
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operon (37), ribitol dehydrogenase (83), glycyl-tRNA 
synthetase (25) and malate utilization (97). 
Duplications that result in operon fusions probably occur 
by illegitimate recombination and are detected at a very low 
frequency. Anderson and Roth (2) demonstrated that operon 
fusions can occur with the histidine operon in Salmonella. A 
His strain containing a deletion of the operator-promoter 
portion and part of the first structural gene of the histidine 
operon reverted to His* at a frequency of 10*'. Several of 
these His* mutants contained duplications in which the his 
structural genes were fused to a foreign promoter. Because 
the placement of the endpoints is critical, the frequencies of 
duplications arising in this way are relatively low. 
For genes in which the gene product is not detectable, 
coinheritance of allelic markers provides a means of detecting 
tandem duplications. Anderson, Miller and Roth (1) used S. 
typhimurium containing complementary, nonoverlapping deletions 
of the histidine operon to perform genetic crosses which 
resulted in the recovery of two classes of His*recombinants. 
The first class consisted of haploid wild-type recombinants 
formed by recombination in the small region between the two 
his alleles. The second class of His* recombinants was 
obtained when the recipient cell contained a duplication of 
this region. This duplication could be confirmed by observing 
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the segration pattern of the two his mutations after 10 to 15 
generations of growth on nonselective medium; 5 to 75% of the 
culture reverted to one or the other parental phenotype. This 
instability could be demonstrated only in Rec* strains; 
therefore, the reversion was attributed to homologous 
recombination. 
Campbell (16) suggested a mechanism for transduction of 
tandem duplications (which can be significantly larger than a 
phage headful of DNA) which is diagramed in Fig. 5. The novel 
junction fragment of the duplication and the selectable donor 
marker must be sufficiently close to be contransducible; 
reconstruction of the duplication occurs by recombination in 
the recipient cell (1). Anderson, Miller and Roth (1) 
demonstrated that some tandem duplications of the histidine 
operon were nontransducible because the distance between the 
selectable marker and the junction fragment exceeded the phage 
headful capacity. This is consistent with the large size (7 
to 21% of the chromosome) of all the duplications detected in 
this region. 
Anderson, Miller and Roth (1) estimated the size of 
duplications of the histidine operon by transducing the wild-
type allele into recipients containing a tandem duplication 
generated in a strain carrying the auxotrophic marker and then 
screened for the occurrence of both wild-type and mutant 
Fig. 5. Diagram illustrating the transduction of a tandem 
duplication which may be larger than a phage 
headful (3). Markers F and A are sufficiently 
close to the unique junction fragment that 
duplications containing either of these markers 
could be selected by screening for their alleles. 
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alleles. The ability to recover both alleles in descendants 
of the transductant provides evidence that the marker was 
included in the tandem duplication. 
It has been postulated that duplications can equip the 
cell with a means of gene amplification that provide an 
advantage under certain growth or environmental stresses (61, 
91). The instability of these duplications (1 to 30% 
revertants in overnight cultures) indicates that the cell can 
readily revert to the haploid state and need not necessarily 
undergo a permanent change in the genome. Further 
extrapolation of this theory suggests that illegitimate 
recombination resulting in duplications can play a significant 
role in the evolution of bacterial species and interspecies 
( 6 8 )  .  
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MATERIALS AMD METHODS 
Bacterial Strains, Bacteriophage, and Plasmids 
The bacterial strains used in this study, their origins, 
genotypes and plasmid content are listed in Table 1. Most 
strains were isogenic derivatives of S. aureus NCTC 8325. All 
cultures were maintained at -70°C in GL broth (0.3% casamino 
acids, 0.3% yeast extract, 0.59% NaCl, 0.198% sodium lactate 
and 0.1% glycerol, pH 7.8) containing 10% (v/v) glycerol. S. 
aureus strains were propagated on brain heart infusion (BHI; 
Difco Laboratories, Detroit, MI) agar. S. aureus strains 
containing chromosomal tandem duplications were propagated on 
chemically defined synthetic (CDS) agar (78) containing 10 
/ug/ml erythromycin to ensure stability. E. coll DHIOB cells 
were prepared as competent cells for electroporation as 
described later in this dissertation. 
Phage 55 of the International Typing Series (Center for 
Disease Control and Prevention, Atlanta, GA) maintained in 
ISP225 as helper phage was used for transformation of 
chromosomal DNA. Transducing lysates were prepared by 
infecting the appropriate donor strain with phage 80a 
maintained in ISP8 (65). 
Plasmids pGM3-27 and pISM2048 were a gift from Dr. 
F.Chris Minion (Iowa State University, Ames). Features of the 
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Table 1. Bacterial Strains Used 
ISP No. Strain and Genotype Origin or Reference 
8 
225 
479 
547 
555 
794 
830 
1254 
1304 
1461 
8325-4 pig-131 
PS55 
8325 -4 pig-131 (pI258 bla-40 
mer-14 repA36) 
8325-4 pig-131 ni005[Tn55I] 
8325 pig-131 thy-101 
thrAI79::Tn55I 
8325 pig-131 
8325 pig-131 nil[TnS5I] 
8325 pig-131 n40[TnS5I] 
nil01[Tn5I6] 
8325 pig-131 ura-375 nil01[Tn9I6] 
8325 pig-131 JloV-142 /US-149 
pur-140 ni030[TnS52] 
nil08[Tn9I6] 
1541 8325 rl" r2- m31+ m32+ pig-131 
nil08[Tn916] 
8325-4 r" pig-131 
8325 pig-131 nill9[Tn9I6] 
8325 rr r2" m31+ m32+ pig-131 
metA411::Tn4001 
8325 pig-131 n34[Tn551] 
8325 pig-131 ni030[TnS51] 
8325 pig-131 01023[TnSSI] 
8325 pig-131 ni027[TnS5I] 
8325 pig-131 ni035[Tn55I] 
8325 pig-131 nil04[Tn9I6] 
8325 pig-131 nH08[Tn9I6] 
8325 pig-131 ni212[Tn400I] 
8325 pig-131 ni252[Tn400I] 
8325-4 r" pig-131 uvs-1 
ni074[Tn55i; 
1658 
1682 
1830 
2076 
2082 
2088 
2089 
2090 
2097 
2101 
2130 
2163 
2272 
F. E.Young' (95) 
CDC" 
(70) 
ISP479 at 43"C 
(70) 
(95) 
ISP794 X ISP193 DNA° 
ISP364 X ISP1262 DNA 
ISP794 X ISP1251 DNA 
ISP1246 X ISP1368 
DNA 
ISP459 X 80a/ISP127ld 
(45)" 
ISP794 X ISP1631 DNA 
(52) 
ISP794 X 80a/ISP466 
ISP794 X 80a/ISP1048 
ISP794 X 80a/ISP1043 
ISP794 X 80a/ISP1043 
ISP794 X 80a/ISP1082 
ISP794 X 80a/ISP1365 
ISP794 X 80a/ISP1368 
ISP794 X 800f/ISP1855 
ISP794 X ISP2140 DNA 
ISP1658 X 80a/ 
ISP2270 
' Frank E. Young, University of Rochester, Rochester. 
Center for Disease Control and Prevention, Atlanta. 
" For example, ISP794 was transformed with ISP193 DNA. 
For example, ISP 459 was transduced with phage 80a 
propagated on ISP1217. 
• = RN4220 
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Table 1 (continued) 
ISP No. Strain and Genotype Origin or reference 
2331 8325 pig-131 thrB106 ni074[Tn55I] 
nil01[Tn9I6] 
2476 E. COli DHIOB 
2575 8325-4 r" pig-131 (pTVG) 
2581 8325 pig-131 arOA:iTc" 
2589 8325 pig-131 thy-101 
thrB176::Tn551 nill8[Tn916] 
2590 8325 pig-131 £11035[TnSSl] 
nil05[Tn9I6] 
2591 8325-4 pig-131 ni005[Tn551] 
nil00[Tn9I6] 
2592 8325 pig-131 ni005[Tn5SI] 
2593 8325 pig-131 trp560'. :Tn917G 
2612 8325 pig-131 01023[Tn55I] 
nil04[Tn9I6] 
2613 8325 pig-131 ni027[Tn55I] 
nil04[Tn9I6] 
2620 8325 pig-131 01035[Tn55I] 
nill9[Tn9I6] 
2635 8325-4 r" (pTVT) 
2649 8325 pig-131 ura-375 01305[Tn9I7G] 
2650 8325 pig-131 01306[Tn9I7G] 
2651 8325 pig-131 01307[Tn9I7G] 
2652 8325 pig-131 01308[Tn9I7G] 
2653 8325 pig-131 01310[Tn9I7G] 
2654 8325-4 pig-131 01311[Tn9I7G] 
2655 8325 pig-131 01312[Tn9I7G] 
2656 8325 pig-131 01309[Tn9I7G] 
2657 8325 pig-131 01313[Tn917T] 
2658 8325 pig-131 01314[Tn9I7T] 
2659 8325 pig-131 01315[Tn9I7T] 
2660 8325 pig-131 01316[Tn917T] 
2661 8325 pig-131 01317[Tn9I7T] 
2662 8325 pig-131 01318[Tn917T] 
2663 8325 pig-131 01319[Tn917T] 
2664 8325 pig-131 01320[Tn9I7T] 
2665 8325 pig-131 01321[Tn917T] 
2666 8325-4 r" pig-131 tyrB565'. :Tn917T 
r" pig-131 lys-564::Tn917T 
r" pig-131 ilv-568'.:Tn917T 
r" pig-131 thrA563::'rn917T 
r" pig-131 metC562::Tn917T 
r" pig-131 rib-567::Tn917T 
2668 8325-4 
2670 8325-4 
2671 8325-4 
2672 8325-4 
2673 8325-4 
ISP794 X ISP1074 DNA 
BRL' 
This study 
ISP794 X 80O/ISP2504 
ISP554 X 80a/ISP1541 
ISP2090 X 80a/ISP1366 
ISP547 X 80a/ISP547 
ISP794 X 80a/ISP547 
This study 
ISP2089 X 80a/ 
ISP2097 
ISP2088 X 80a/ 
ISP2097 
ISP2090 X 
80O/ISP1682 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
' Betheseda Research Laboratories (BRL), Gaithersburg, 
MD. 
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Table 1 (continued) 
ISP No. strain and Genotype Origin or reference 
2674 8325-4 r" 
2680 8325-4 r" 
2681 8325-4 r" 
2682 8325-4 r" 
2683 8325-4 r" 
2684 8325-4 r" 
pig-131 trp-561: •.'1X19177 
pig-131 Du(tyrA)l 
pig-131 Du(tyrA)2 
pig-131 Du(llv)3 
pig-131 Du(ilv)4 
pig-131 Du(ilv-iys)5 
This study 
This study 
This study 
This study 
This study 
This study 
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plasmids used in this study are described in Table 2. 
Culture Media 
All complex media used with S. aureus was supplemented 
with thymine (20 ng/ral) and adenine, guanine, cytosine, and 
uracil (5 /itg each/ml). Most S. aureus recombinants were 
selected on BHI agar supplemented with sodium citrate (500 
mg/L) and an appropriate antibiotic; 1 fig/ml of erythromycin 
or tetracycline, 6 /xg/ml gentamicin, or 5 /xg/ml of 
chloramphenicol. Scoring of unselected resistance phenotypes 
was with 10 )Ltg/ml of each antibiotic unless otherwise 
indicated. All antibiotics were purchased from Sigma Chemical 
Co., St. Louis, MO. E. coli transformants were selected on LB 
agar (1% tryptone, 0.5% NaCl, and 0.5% yeast extract, pH 7.5) 
containing either ampicillin (50 ixq/ral) or tetracycline (4 
jug/ml). 
CDS agar (78) was used to isolate and characterize 
auxotrophic mutants. This medium consisted of a phosphate-
buffered glucose-salts solution containing 18 amino acids, 
niacin, thiamin, biotin, and pantothenic acid. Individual 
nutrients and combinations of nutrients were omitted from CDS 
agar to meet the neeeds of specific experiments. Isolates 
possessing putative tandem duplications were grown on CDS 
agar devoid of the amino acid of interest and containing an 
antibiotic at the appropriate concentration to maintain 
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Table 2. Plasmid Descriptions 
Plasmid Size* Markers Oriain or Reference 
pC194 2.9 Cm"^ (38) 
pE194(ts) 4.0 Em' 
Cmr Em ' Tn917 
Cm' Ap' Em" 
TnPI7A 
(33) 
pTV32(ts) 15.6 (107) 
pTV20 (107) 
p34H 2.9 Ap' (105) 
pT181 4.4 Tc (62) 
PGM3-27 7.95 Gm' Ap' Minnion 
p34T 5.3 Tc' Ap' 
Cm' Em!' Tc' Ap' 
Cm' Em" Gm' 
This study 
pTVT 20.88 This study 
pTVG 17.26 This study 
PISM2048 4.3 Amp' IS256 arm Minnion 
° Size measured in kb. 
^ F. Chris Minion, Department of Microbiology, Immunology 
and Preventive Medicine, Iowa State University, Ames. 
41 
selection of the duplication. 
BM agar was used to recover electroporated S. aureus. 
This medium consisted of 1.0% peptone (Difco), 0.5% yeast 
extract (Difco), 0.5% NaCl, 0.1% glucose, 0.1% KgHPO^ and 1.2% 
agar (BBL-Gibco; Beckton Dickinson Microbiology Systems, 
Cockeysville, Md) at pH 7.4. 
Preparation of Transforming DNA 
Chromosomal DNA isolated from S. aureus for 
transformations was prepared according to Lindberg et al. (53) 
as modified by Pattee and Neveln (78). Cells of the 
appropriate S. aureus strain were grown in 150 ml of 
Trypticase Soy Broth (TSB; BBL) in a 300-ml Erlenmeyer flask 
overnight at 37°C with shaking at 100 cycles per min. The 
cells were harvested by centrifugation at 10,000 x g for 10 
min at 4°C and washed with 20 ml of Tris-NaCl-EDTA buffer 
(TNE; 0.1 M Tris, 0.15 M NaCl, and 0.1 M EDTA, pH 7.4). The 
cells were resuspended in 5 ml of TNE in a sterile 50-ml 
screw-capped Erlenmeyer flask. Lysostaphin (0.3 ml; 
17mg/50ml, Applied Microbiology, Inc., NY) dissolved in 
lysostaphin buffer (0.05M Tris, 0.15 M NaCl, pH 7.5) was added 
and incubated for 30 min at 37°C with gentle shaking. One ml 
of Proteinase XIV (10 mg/ml, Sigma) that was preincubated at 
37®C for 1 h was added to the lysed cells and incubated for 5 
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min at 37°C with shaking, then incubated stagnant for 55 min. 
The lysate then received 0.5 ml of SDS/ethanol (5% SDS in 45% 
ethanol) and the flasks were vigorously shaken on a Burrell 
wrist-action shaker for 25 min. An equal volume of freshly 
distilled (under Ng) phenol saturated with 0.01 M Tris (pH 
8.1) was added and the mixture was extracted at 37®C for 1 h 
on a Kraft roller aparatus equipped with a RD-30-18 rotor head 
(Kraft Apparatus, Inc., Mineola, NY). The two phases were 
separated by centrifugation for 1 h at 10,000 x g at 4°C. The 
aqueous (upper) phase containing DNA was again extracted with 
phenol, and the aqueous phase was washed once with an equal 
volume of CP ether. The DNA was precipitated with 2 volumes 
of cold 100% ethanol and spooled onto a glass rod. The 
spooled DNA was stored overnight in 100% ethanol at 4°C, and 
then dissolved in 4 ml of SSC (1.5 mM NaCl, 0.15 mM trisodium 
citrate, pH 7.2) and stored at 4°C until needed. 
S. aureus Transformations 
Transformations were performed as described by Patel et 
al. (69). A BHI agar slant (18 x 150 mm tube) culture of the 
recipient strain was resuspended in 5 ml saline (0.85% NaCl) 
and used to inoculate 100 ml of Tryptone Soya Broth (Oxoid; 
Hampshire, England) in a 300-ml nephelometer flask to an 
optical density at 540 nm (ODg^g) of 0.2. Five ml of this 
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suspension was then added to 6 lOO-ml volumes of tryptone soya 
broth + 1 X lo"' M CaClj contained in 5 300-ml Erlenmeyer 
flasks and a nephelometer flask. The growth flasks were 
incubated at 37°C with agitation (100 cycles per min). When 
the OD540 reached 0.05, 1 ml of sterile normal rabbit serum 
(Pel Freeze Biologicals, Rogers, AR) was added to each flask, 
and incubation was continued until the ODg^g was between 0.1 
and 0.12. The cells were harvested by centrifugation at 
10,000 X g for 30 min at 4°C. The pellets were combined with 
1 ml of TSB (the final volume of resuspended cells was 
approximately 4 ml) to which 1 ml of rabbit serum and 1 ml of 
helper phage were added. This mixture was aliquoted into 6 
15-ml Corex centrifuge tubes and incubated at 37°C with 
shaking for 5 min. The cells were then collected by 
centrifugation (5,000 x g, 7 min., room temperature) and each 
pellet washed with 2 ml of TM buffer [0.05 M Trizma maleate 
(Sigma), pH 7.5]. Then each pellet was then rapidly 
resuspended in 1 ml of TM buffer containing 0.1 M CaClg and 
immediately added to a new 15-ml Corex tube containing 0.1 ml 
of transforming DNA. One pellet was not exposed to 
transforming DNA and served as a control. The tubes were 
incubated on ice for 3 min and then at 37°C for 3 min. The 
cells were pelleted, suspended in 3 ml of BHI containing 0.4 
mM sodium citrate and incubated at 37°C with agitation (100 
cycles per min) for 1 h. The cells were pelleted, and each 
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pellet was resuspended in 0.5 ml of saline. Portions (0.1 ml) 
of the transformed and control cells were spread on the 
selective media. Plates were incubated inverted at 37°C until 
colonies were well-developed, after which recombinants were 
counted and further analyzed as needed. 
Transposon Mutagenesis 
The protocol for transposon mutagenesis was modified from 
that described by Youngman (106). The purpose of Youngman's 
protocol is to generate a pool of cells that contain a copy of 
Tn5I7 in "every possible" chromosomal location without a lot 
of background consisting of cells from which the autonomous 
delivery plasmid has not been eliminated. This was 
accomplished by cultivating S. aureus carrying one of the 
pTV32(ts) derivatives (pTVG or pTVT) at 30°C (the permissive 
temperature) in 100 ml TSB containing chloramphenicol (0.5 
jUg/ml) in a 300-ml nephalometer flask at an initial 00545=0.1. 
When the ODg^g reached 0.7, the cells were diluted 1:100 into 
TSB containing erythromycin (0.1 /xg/ml) and either gentamicin 
(0.5 jitg/ml) or tetracycline (0.1 fxg/ml) and incubated for 12 h 
at 39°C (restrictive temperature for pTV32(ts) replication). 
This dilution and incubation at the restrictive temperature 
was repeated to insure elimination of the autonomous plasmid. 
The cells were then harvested by centrifugation (10,000 x g, 
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4®C, 10 min), resuspended in TSB containing 10% glycerol, and 
stored in 500-^1 aliquots at -70"C. Serial dilutions from 10 ^ 
through lO"^ of thawed cells were made in saline, 0.1-ml 
samples were spread on BHI agar containing 20 /xg/ml of 
erythromycin, and either gentamicin or tetracycline, and the 
plates were incubated at 43°C. The following day the dilution 
that generated about 200 colonies per plate was identified. 
Another sample of the frozen cells was thawed, diluted and 
plated to obtain many plates with about 200 antibiotic-
resistant colonies per plate. After overnight incubation, 
aproximately 2000 colonies were harvested in 10 ml of TSB. 
These cells (representing a pool of "every possible" 
chromosomal insertion of Tn9I7) were used to inoculate 
overnight growth flasks containing 0.1 pg/ml erythromycin (to 
maintain selection for Tn9I7-carrying cells) for the 
preparation of transforming DNA. 
To obtain auxotrophic mutants caused by insertion of 
Tn917, antibiotic-resistant colonies were transferred by the 
velveteen procedure onto CDS agar plates that lacked specific 
nutrients. Auxotrophic mutants were then characterized by 
auxanography to identify the nutrient that was needed by the 
cell for normal growth. This was accomplished by emulsifying 
a single colony in 5 ml of saline and spreading samples of the 
cell suspension onto CDS agar plates devoid of individual 
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nutrients. Discs saturated with individual stock solutions 
were placed on the appropriate CDS agar plates. Growth 
occurring in response to the disc identified the nutrient 
whose biosynthesis was blocked by the mutation. 
Propagation of Bacteriophage 
Phage were propagated as described by Schroeder and 
Pattee (86). An overnight BHI agar slant culture (18 x 150 mm 
tube) of the propagating strain was resuspended in 1 ml of TSB 
and 0.2 ml of this suspension was added to 4.0 ml of melted 
and tempered (45°C) soft agar (TSB + 0.5% agar). Between 0.1 
and 0.5 ml (depending on the titer) of phage lysate was added 
to each tube of soft agar, and the inoculated agar was used to 
overlay fresh TSA plates containing 5 x lo"' M CaClg. When the 
soft agar layer had firmed, the propagation plates were 
incubated upright at 37°C. When the propagation plates had 
cleared (usually after about 6 h), each soft agar layer was 
harvested and gently emulsified in 10 ml of TSB. The phage-
agar mixture was transferred to a 15-ml Corex tube and was 
clarified by centrifugation (3,400 x g, 20 min, room 
temperature). The clarified lysate was then filtered through 
a 0.22fi syringe filter (Costar) and stored at 4°C. The titer 
of each phage lysate was determined by using the propagating 
strain as an indictor, and bacteriological sterility was 
confirmed by spreading 0.1-0.2 ml of the lysate on a BHI agar 
plate. 
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Transductions 
Transductions were performed as described by Schroeder 
and Pattee (86). An overnight BHI agar slant culture (18 x 
150 mm tube) of the recipient strain was uniformly suspended 
in 1 ml of TSB containing 5 x lo"' M CaClg. In a 15-ml Corex 
tube, 0.5 ml of the recipient cells were mixed with 0.5 ml of 
transducing lysate (M0I=1) and 1 ml of TSB containing CaClj. 
In control tubes, 0.5 ml of additional TSB containing CaClg 
was substituted for the transducing lysate. The tubes were 
shaken vigorously for 20 min at 37®C, after which 1 ml of ice-
cold 0.02 M sodium citrate was added to each tube and the 
cells were harvested by centrifugation at 3,400 x g for 7 min. 
The pellets were suspended in 1 ml of sodium citrate and 0.1-
ml portions were spread on plates of BHI agar or CDS agar that 
were formulated to select for the appropriate marker. 
Electroporation 
Preparation of competent cells 
The two strains used in electroporations were E. coli 
DHIOB and S. aureus RN4220. The procedure for the preparation 
of competent cells was derived from that described by Dower et 
al. (23). 
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E. coli DHIOB An overnight BHI agar slant culture of E. 
coli DHIOB was used to inoculate 4 l-L flasks, each containing 
250 ml of LB broth to an initial ODg^g of 0.1. The cultures 
were grown to mid-log phase (ODg<.Q=0.7) and then transferred to 
chilled 150-ml Corex centrifuge bottles and harvested by 
centrifugation at 4000 x g for 10 min at 4°C. All subsequent 
manipulations were performed at 4°C. The cells were washed 
with 1-L of sterile distilled water followed by a second wash 
of 500 ml of sterile distilled water. The cells were then 
washed in 20 ml of 10% glycerol (sterilized by filtration), 
resuspended in 2 ml of 10% glycerol, and 200-^1 portions 
stored at -70°C. 
S. aureus RN4220 An overnight BHI agar slant culture of 
strain RN4220 was used to inoculate 100 ml of TSB to an 
initial of 0.1. The culture was grown at 37"C with 
shaking until the ODg^g reached 0.55. The cells were harvested 
at 4000 X g at 4°C, and sequentially washed with 100 ml, 50 
ml, 5 ml, and 2 ml of ice-cold 10% glycerol. After the final 
wash, the cells were resuspended in 2 ml of 10% glycerol and 
100-fil aliquots were stored at -70°C. 
Electroporation of E. coli DHIOB 
Electrocompetent frozen cells were thawed at room 
temperature and kept on ice until needed. Five /il of plasmid 
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DNA was added to 40 /il of competent cells in an Eppendorf tube 
and held on ice. After 1 min, the mixture was added to a 
chilled electroporation cuvette (0.2-cm electrode gap; Bio-
Rad) and placed into the electroporation chamber. Instrument 
settings of 2.5 kV, 25 /iF, and 200n of resistance, which 
resulted in a pulse time of 4.8 msec, were used. Immediately 
after electroporation, the cells were added to 4 ml of SOC 
medium (2% tryptone, 0.5% yeast extract, 10 mM NaCl, 10 mM 
MgClg, 10 mM MgSO^, 2.5 mM KCl, and 20 mM glucose) in a plastic 
snap-cap test tube (Falcon #2059). The transformed cells were 
incubated at 37®C for l h on a horizontal roller. The 
transformed cells were spread on selective LB agar and 
incubated at 37"C. 
Electroporation of S. aureus RN4220 
The protocol for the electroporation of S. aureus cells 
was that of Augustin and Gotz (5) with minor modifications. 
In an Eppendorf tube on ice, 50 fil of competent cells were 
added to about 100-200 ng of plasmid DNA. The DNA-cell 
mixture was held on ice for 30 min. In the meantime, the 
regeneration medium, SSB [0.5 parts SMM (0.5 M sucrose, 0.02 M 
maleic acid, 0.02 M MgClg, pH 6.5), 0.45 parts 4X SOC, and 0.1 
part 10% BSA] was prepared and stored on ice in a 15-ml Corex 
test tube. At the end of the incubation time the cell-DNA 
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mixture was transferred to a chilled electroporation cuvette 
(0.2-cm electrode gap; Bio-Rad) and placed in the 
electroporation chamber. The pulse settings for S. aureus 
were 2.5 kV, 25 nF, and 1000 of resistance with a predicted 
pulse-time of 2.4 msec. Immediately after electroporation, 
900 /il of SSB was added to the cuvette and the resuspended 
cells were placed in a polystyrene snap-capped test tube 
(Falcoln #2027). The transformed cells were allowed to 
regenerate for 90 min at 37°C (30®C for temperature-sensitive 
plasmids). The cells were spread on selective BM agar and 
incubated until colonies were obtained. 
Preparation of Plasmid DNA 
The preparation of plasmid DNA from E. coli on a large 
scale or a miniprep was performed according to the alkaline 
lysis protocol described in Current Protocols (6). The CsCl-
ethidium bromide density gradient centrifugation was at 45,000 
X g at 25°C for 18 h using the VTi65 rotor (Beckman 
Instruments Inc.) for a large scale preparation. Purified 
plasmids were stored at 4®C. The plasmid DNA concentration 
was determined spectrophotometrically (ODj^q of 1.0 = 50 
/ig/ml), and purity was estimated from the ratio of the ODg^g to 
OD280 nm readings. 
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Preparation of Plasmid DNA from S. aureus 
The protocol for the isolation of plasmid DNA from S. 
aureus was performed as described by Jones, et al. (39) . The 
strain bearing the plasmid of interest was inoculated into 6 
300-ml flasks, each containing 100 ml of GL broth and the 
antibiotic selective for the plasmid. The flasks were 
incubated with shaking overnight at 37°C or 30°C. The cells 
were harvested by centrifugation (10,000 x g, 10 min, 4®C), 
each pellet was washed with 30 ml of cold 3% NaCl, and then 
the cells were suspended in 10 ml of Modified Solution I (0.8 
M sucrose, 25 mM Tris HCl, 50 mM EDTA.2Na, pH 8.0). Each cell 
suspension was transferred to a 50-ml screw-capped flask and 
0.3 ml of lysostaphin was added. The flasks were incubated 
with rolling at 35°C for 30 min to convert the cells to 
protoplasts. Each protoplast suspension was transferred to a 
50-ml beaker containing a spin bar, and 20 ml of Solution II 
(5 ml of 20% SDS, 4 ml of 10 N NaOH, and 93 ml of HjO) was 
added to the rapidly-stirred protoplasts over a 1-min period. 
The lysis mixture was then split into 2 50-ml plastic 
centrifuge tubes and placed on ice. The protocol for the 
preparation of plasmid DNA from E. coli was followed from this 
point on to obtain plasmid DNA. 
S. aureus plasmid minipreps were prepared according to 
the protocol described by Bortner (13). Cells from a 1.5-ml 
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sample of an overnight GL-broth culture were collected by 
centrifugation in a microfuge. The cells were resuspended in 
100 fil of Modified Solution I. Cell lysis was accomplished by 
adding 40 /il of lysostaphin to the Eppendorf tube, which was 
held at room temperature for 30 min; then 200 /xl of Solution-
II was added and the tube was placed on ice for 10 min. K-
acetate buffer (150 /xl) was added, and the tube was held on 
ice for another 10 min. The tube was centrifuged for 5 min in 
a microfuge, the supernatant fluid was transferred to a clean 
Eppendorf tube and an equal volume of phenol:chloroform was 
added to the tube. The tube was vortex-mixed and then the 
phases were separated by centrifugation for 2 min in a 
microfuge. The aqueous phase was transferred to a clean tube 
and extracted with an equal volume of CP ether. The tubes 
were mixed gently and the ether was decanted and residual 
ether was removed with a gentle stream of nitrogen gas. The 
DNA was precipitated with 2 volumes of 100% ethanol at -70°C 
for 13 min. The DMA was pelleted by centrifugation for 15 min 
at 4°C and washed with 80% ethanol. The pellets were dried 
under a vacuum for 15 min and then rehydrated in 20 /tl of TE 
(pH 8.0). 
Plasmid DNA from either E. coli or S. aureus also was 
isolated using Mini- or Mega- Plasmid DNA kits (Promega) as 
per the manufacturers instructions. Isolation of plasmid DNA 
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from S. aureus required lysostaphin addition for lysis. 
Subcloning of Genes 
DNA Manipulations of CCC DNA 
All restriction endonuclease reactions were performed 
according to the supplier's specifications. Restriction 
endonucleases were purchased from New England Biolabs (NEB; 
Beverly, MA), Promega (Madison, WI), Boehoringer-Mannheim 
(GMBH, W. Germany) or BRL (Gaithersburg, MD). T4 DNA ligase 
and the Klenow fragment of DNA polymerase were obtained from 
NEB and Promega respectively. Blunt-end ligations were 
performed with a buffer consisting of 250 mM Tris-HCl (pH 
7.5), 50 mM MgClg, 5 mM DTT, and 25% (W/V) PEG 8000 to 
increase the ligation efficiency. Five mM ATP was added to 
each ligation reaction just before use. 
Agarose Gel Electrophoresis 
Horizontal agarose gel electrophoresis was performed in 
IX TBE buffer (5X stock= 0.089 M Tris-borate, 0.089 M boric 
acid, and 0.002 M EDTA, pH 8.0) using 0.8% Sea-Kem GTG agarose 
(FMC Bioproducts, Rockland, ME) according to Maniatis et 
al.(59). 
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Pulsed-Field Agarose Gel Electrophoresis 
Pulsed-field agarose gel electrophoresis (PFGE) was 
performed using the Bio-Rad Chef DRII system according to the 
manufacturer's instructions. The agarose used was Sea-Kem 
Gold (FMC) in 1:4 TAE buffer (0.04 M Tris-acetate, 0.002 M 
EDTA). 
Agarose inserts for PFGE were prepared as described by 
Patel et al. (69) in ImBed-gel syringes (NEB) and 0.6% Sea-Kem 
gold agarose (FMC). Thin (about 1-1.5 mm) slices of inserts 
were digested in lOO-jUl digestion mixtures appropriate to the 
restriction endonucleases being used. Smal (NEB) and Cspl 
(Promega) digests were performed with the addition of 1 mM BSA 
at 30°C, overnight. SgrKl (Boehringer-Mannheim) digests 
included 1 mM netropsin (Boehringer-Mannheim) to prevent star 
activity; these were incubated at 37°C for 6-8 h. 
Southern Hybridization 
DNA fragments contained in agarose gels were denatured 
and transferred to Hybond N nylon membranes (Amersham Corp., 
Arlington Heights, 111) as described by Southern (92). Gels 
were treated with 0.25 N HCl for 30 min to partially 
depurinate the DNA prior to denaturation. 
All probes were labelled by photobiotinylation, using a 
derivation of the method first described by Forster et al. 
55 
(26) using N-(4-azido-2-nitrophenyl)-N'-(N-d-biotinyl-3-
aminopropyl)-N'-methyl-1, 3-propane-diamine (photoactivatable 
biotin or PAB; Clontech, Palo Alto, CA). PAB and DNA (each at 
1 mg/ml) were combined in a 3:1 ratio to contain between 5 and 
15 ng of DNA, and irradiated with a G.E. model #RSM 275-watt 
sunlamp for 15 min at 10 cm from the lamp while on crushed 
ice. Then an equal volume of 0.1 M Tris-HCl (pH 9.0) was 
added, the volume was brought to 100 (xl with sterile water, 
and the mixture was extracted twice with 2-butanol. The final 
extracted aqueous phase was brought to 0.3 M sodium acetate by 
using a 3 M stock (pH 5.6), and DNA was precipitated with 3 
volumes of 100% ethanol at -70®C for 13 min. The DNA was then 
pelleted by centrifugation for 30 min in a microfuge at 4°C, 
the pellets dried for 30 rain in vacuo, and the dried DNA 
pellet dissolved in 100 jul of TE (pH 8.0). All biotinylated 
probes were heat-denatured before addition to the 
hybridization mixtures. 
All hybridizations were performed in BRL hybridization 
bags at 42®C in 50% formamide according to Maniatis et al. 
(59). Detection of hybridization was performed using the 
BluGene^" detection kit (BRL) according to the manufacturer's 
instructions. Test strips containing spots of 50, 20, 10, 5, 
and 0 pg of biotinylated DNA were developed with the 
hybridized membrane to control the development process. 
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RESULTS 
Electroporation 
An early objective of this research project was to define 
a way to introduce newly constructed Tn917 derivatives into S. 
aureus. The size of these constructs was predicted to be 
between 17 and 20 kb. This prediction is based on the size of 
pTV32(ts), which is 15.6 kb and includes TnBlJlac (9.5 kb), 
the 2-kb Gm'^ gene of Tn4001 and the 2.3-kb Tc"^ gene of pT181. 
Protoplast transformations and transformations with the 
temperature-sensitive, osmotically fragile (TOP) mutant 
ISP2038 (63) have been used to introduce plasmid DNA into S. 
aureus. These procedures are both time-consuming and labor-
intensive, a large amount of plasmid DNA (usually >10 /xg) is 
required, and frequencies obtained with modestly large 
plasmids (>5 kb) are very poor (63). The predicted large 
sizes of these Tn917 constructs and the amount of DNA 
typically used in ligation mixtures (<1 jug) imposed serious 
limitations on these previously described methods of plasmid 
transformation. Therefore, efforts were made to devise a 
protocol using electroporation as a means of plasmid 
transformation. 
Preliminary results of a comparison of three different 
procedures for plasmid transformation of S. aureus RN4220 and 
ISP2038 with pE194 DNA are shown in Table 3. RN4220 is a 
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Table 3. Efficiencies achieved with various methods of 
plasmid transformation in S. aureus with pE194 DNA 
Recipient Transformation Amount of Method of 
strain efficiency* DNA used transformation 
RN4220 8.00 X lo' 2 jug protoplast 
transformation (64) 
ISP2038 2.10 X 10^ 2 fig transformation of 
TOP mutant (63) 
RN4220 5.69 X 10^ 0.1 fig electroporation (5) 
* Transformation efficiency = transformants/^g of plasmid 
DNA. 
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restriction-deficient, modification-proficient derivative of 
strain 8325-4. Transformation of RN4220 protoplasts or 
osmotically fragile ISP2038 resulted in efficiencies that were 
between 1 and 2 logs lower than those obtained by 
electroporation. Therefore, it appeared that the 
electroporation protocol outlined by Augustin and Gotz (5) 
merited further investigation. 
Dower et al. (23) have written an excellent review of 
electroporation of bacteria. The efficiencies achieved with 
the protocol described by Dower et al. (23) for the 
9 11 
electroporation of E. coli range from 10 to 10 
trans formants//ig of DNA, depending on the strain used. 
Augustin and Gotz (5), using their protocol devised for 
staphylococcal species, obtained efficiencies of about 10^ 
trans formants//ig of DNA when used to electroporate pC194 into 
RN4220. Several parameters of their protocol were examined in 
attempts to increase the efficiency of electroporation; the 
resistance and voltage used, plasmid DNA concentration, the 
choice of regeneration and plating media, and stage of growth 
of cells when prepared for electroporation. Experiments were 
performed in triplicate to evaluate each parameter. The data 
presented is a single experiment which represented the overall 
outcome of the results. 
Three plasmids were chosen for use in this study: pC194, 
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which confers chloramphenicol resistance, is a small plasmid 
(2.9 kb) and allowed a direct comparison with the data 
obtained by Augustin and Gotz (5); pE194(ts), which confers 
erythromycin resistance, is also a small plasmid (4.0 kb); and 
pTV32(ts) (15.6 kb), which contains the pE194(ts) origin of 
replication and Tn9I71ac into which the Tc'^ and Gm*^ genes were 
to be subcloned. If reasonably high efficiencies could be 
obtained with pTV32(ts), then this would suggest that it 
should be possible to recover pTV32(ts) derivatives containing 
additional DNA sequences. 
Choice of parameters 
There are 2 major parameters that can be varied with the 
Bio-Rad gene puiser equipped with a pulse-controller. The 
field strength, E, is expressed in kilovolts/cm, where the 
kilovolts applied across the electrodes are divided by the 
gap, in cm, between the electrodes. Both the voltage and the 
gap distance can be experimentally controlled. The voltage 
that can be produced with the gene puiser ranges from 0 to 2.5 
kv. Cuvettes are available with electrode gaps of 0.1-, 0.2-, 
and 0.4-cm. Cuvettes with gaps of 0.1- and 0.2-cm are most 
commonly used to electroporate bacteria. To determine which 
electrode gap would yield the highest frequency of 
electroporation, RN4220 was electroporated with 2 ng of pC194 
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DNA using 0.1- and 0.2-cm cuvettes and 2.5 kv. 
Electroporations using 0.1-cm cuvettes resulted in occasional 
arcing and concomitant severely reduced electroporation 
frequencies. Therefore, all electroporations were performed 
with 0.2-cm cuvettes. 
The other variable parameter when using the Bio-Rad 
electroporation unit is resistance in the circuit. There are 
two resistors in the gene puiser circuit; a 200 resistor in 
series with the sample that remains constant, and a choice of 
any one of six resistors (lOOn, 2000, 4000, 6000, 8000, and 
00) in parallel with the sample. The choice of the resistor in 
parallel with the sample determines the total resistance 
across the capacitor and allows control of the time constant 
(milliseconds). Due to the high electrical field strengths 
used to electroporate bacteria, the conductivity of the sample 
should be below that which would allow arcing (<5 
milliequivalents). 
To determine the optimum instrument settings, RN4220 was 
electroporated with 0.1 fig of either pE194(ts) or pC194 DNA. 
Fig. 6 shows the electroporation efficiencies obtained with 
pE194(ts) and pC194 using 0.2-cm cuvettes. The highest 
efficiency of transformation with these two plasmids was with 
the 1000 variable resistor and 2.5 kv; the resulting field 
strength was 12.5 kv/cm with a pulse time of 2.4 msec. 
Similar results were obtained with pTV32(ts) DNA but the 
Fig. 6. Effect of resistance and voltage settings on 
electroporation efficiency. Fifty /xl of RN4220 
cells were electroporated with 0.1 ng of pC194 or 
pE194(ts) DNA at various resistance (0) and voltage 
(kv) settings. Cells were regenerated in SSB and 
transformants selected on BM agar plates containing 
5 fig/ml chloramphenicol (pC194) or 1 fig/ml of 
erythromycin (pE194(ts)). pC194 was not tested at 
the 20012 settings. 
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lpE194(ts) 
SpC194 
100, 2 100, 2.1 100, 2.2 100, 2.3 100, 2.4 100, 2.5 200, 2 200, 2.6 
electroporation parameters 
(resistance, voltage) 
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efficiencies were consistently 1-log lower than with pC194 and 
pE194(ts). Throughout these studies plasmid size greatly 
affected the efficiency of electroporation of 5. aureus. 
Niewlandt and Pattee (63) also found that the size of the 
plasmid used in transformations of ISP2038 affected the 
transformation efficiencies. This observation is 
contradictory to the results of Dower, et al. (23), who 
reported that the size of plasmid DNA had no effect on 
electroporation efficiencies with E. coll. 
Plasmid DNA Concentration 
Because ligation mixtures containing only about 500 ng of 
DNA would be used in electroporation, the minimum amount of 
DNA that would yield experimentally adequate numbers of 
transformants was determined. Electroporations were performed 
with pE194(ts) and pTV32(ts) DNAs using between 25 and 500 ng 
of DNA, lOOn of variable resistance and a field strength of 
12.5 kv/cm (Fig. 7). The highest efficiency for pEl94(ts) was 
3.28 X 10® transformants/jug of DNA with 100 ng of plasmid DNA. 
The best efficiency for pTV32(ts) was 1.29 x 10* 
transformants//Ltg of DNA with 200 ng of DNA. The best pC194 
efficiency was 5.55 x 10® transformants/^g of DNA with 100 ng 
of DNA (data not shown). 
Fig. 7. Effect of DNA concentration on electroporation 
efficiencies of RN4220 with pE194(ts) and 
pTV32(ts). Electroporations were performed using 
50 lil of cells, lOOn of resistance and a field 
strength of 12.5 kV. 
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Regeneration Buffer and Plating Media 
SOC, which was developed for the efficient regeneration 
of electroporated E. coli, contains relatively high 
concentrations of the major physiologically active 
electrolytes in a tryptone base. The regeneration medium 
(SMMP50) used by Augustin and Gotz (5) consists of a sucrose-
maleate-magnesium buffer (SMM), PAB (Penassay broth, DIFCO) 
and BSA. To determine if the substitution of SOC for PAB in 
SMMP50 would increase the electroporation efficiencies of 
plasmid DNA into S. aureus, varied amounts of SOC were 
substituted for the PAB normally used in SMMP50. Table 4 
shows the efficiencies of electroporation of RN4220 using 
pC194, pE194(ts), and pTV32(ts) DNAs. All plasmids exhibited 
the highest efficiency of transformation when regeneration was 
performed in SMM + BSA + 4X SOC (referred to hereafter as 
SSB). 
Thompson et al. (99) showed that the addition of normal 
rabbit serum to cells prior to exposure to CaClg and DNA 
increased the frequency of transformation of chromosomal 
markers; fibronectin was the active component of rabbit serum 
that enhanced transformations. Also, electroporation may 
release potentially toxic oxygen radicals, and pyruvate is a 
known scavenger of these oxygen radicals. Therefore, the 
effects of adding fibronectin, normal rabbit serum and 
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Table 4. Electroporation efficiencies of RN4220 obtained with 
pC194, pE194(ts), and pTV32(ts) using different 
additives to the regeneration medium 
Efficiencies* 
Regeneration medium pC194 pE194 pTV32(ts) 
SMMP50 286.0 60.0 4.1 
SMM + BSA 
containing : 
IX SOC 80.8 4.4 9.5 
2X SOC 140.0 30.0 20.4 
4X SOC 752.0 159.0 31.0 
° Efficiency = transformants/^g of plasmid DNA x 10 . 
Electroporation suspensions contained 100 ng of DNA of 
either pC194 or pE194(ts), or 200 ng of pTV32(ts), and 
electroporations were performed using 12.5 kv/cm field 
strength and 1000 resistance. 
'' 5.5 ml of SMM and 50 mg of BSA was combined with 4.5 ml 
of either IX, 2X, or 4X SOC. 
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pyruvate to the regeneration medium on electroporations with 
pC194 were examined. The results of these experiments are 
summarized in Table 5. The addition of 0.1 ml of normal 
rabbit serum resulted in a 2-fold increase in the efficiency 
of electroporation over the control samples. This volume of 
rabbit serum had the greatest effect of those tested. The 
addition of 15 ng of purified fibronectin increased the 
electroporation efficiency 1.5-fold over the controls. One 
reason for the decrease in efficiencies with 5 and 10 fig of 
fibronectin could be that there are insufficient amounts of 
fibronectin that can bind to both the DNA and the cell 
surface, thereby diminishing the enhancing effects of 
fibronection. Pyruvate (50 mg) caused a 72% reduction in 
electroporation efficiencies. Because neither fibronectin nor 
pyruvate increased electroporation efficiencies to the same 
degree as normal rabbit serum, 0.1 ml of rabbit serum was 
added to the regeneration medium (SSB) in all future 
electroporations. 
The standard plating medium used for the transformation 
of chromosomal antibiotic resistance markers in S. aureus is 
BHI agar. Augustin and Gotz (5) used BM agar which is similar 
to LB agar containing 0.1% glucose. To compare BM agar and 
BHI agar, electroporations of pC194 and pEl94(ts) were 
performed in triplicate and plated on BM agar and BHI agar 
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Table 5. Effects of normal rabbit serum, fibronectin, and 
pyruvate in the regeneration medium (SSB) on the 
electroporation of RN4220 with pC194 DNA 
Expt* Additive to SSB frequency'' efficiency® 
none 8. ,74 X loj 4. ,81 X 
0.1 ml serum 2. 03 X loj 1. 12 X 
0.25 ml serum 2. 00 X 10 j 1. 10 X 
0.5 ml serum 1. 74 X 10 4 9. 59 X 
10 mg pyruvate 4. 74 X 10: 2. 61 X 
50 mg pyruvate 7. 62 X 10 j 4. 19 X 
100 mg pyruvate 4. 80 X 10 2. 64 X 
none 9. 82 X 10:; 5. 40 X 
0.1 ml serum 1. 17 X 10 : 6. 45 X 
5 fig fibronectin 5. 96 X 10 '! 3. 28 X 
10 Hg fibronectin 1. 14 X 10 6. 27 X 
15 ng fibronectin 1. 27 X 10 7. 00 X 
none 7. 27 X 10^ 4. 00 X 
0.1 ml serum 1. 63 X 10 I a. 99 X 
15 ng fibronectin 5. 27 X 10 ! 2. 90 X 
25 jug fibronectin 3. 91 X 10 t 2. 15 X 
50 fig fibronectin 3. 67 X 10 2. 02 X 
i 
i 
i 
° All experiments were performed with 1 jug of pC194 DNA 
using a field strength of 12.5 kV/cm with lOOn of variable 
resistance. Electroporated cells were resuspended in 1.0 ml 
SSB to which additions were made. 
^ Frequency = transformants/cfu. 
® Efficiency = trans formants//xg of pC194 DNA. 
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containing the appropriate antibiotics. The average 
efficiency of electroporation (transformants/jug DNA) for pC194 
was 6 X 10^ on BM agar and 2 x 10^ on BHI agar. The 
efficiencies for pE194(ts) were 3 x 10^ on BM agar and 1.1 x 
10^ transformants/jug on BHI agar. These efficiencies reflect a 
3-fold increase when BM agar was used. Therefore, all future 
transformants were selected on BM agar containing the 
appropriate antibiotics. 
Stage of Growth 
The stage of growth which yields the maximum number of 
competent cells for the transformation of S. aureus with 
chromosomal markers has been determined by Lindberg et al. 
(53). Their findings indicated that the earliest log phase 
cells exhibited the highest competence level. Competence was 
observed throughout the growth phase, but the number of 
competent cells, as measured by transfection with phage $11 
DNA, dropped sharply at later phases of growth due to the 
production of nucleases. Therefore, cells just entering the 
log phase are used as recipients for the transformation of 
chromosomal markers (53, 100). 
To determine if the growth phase influenced 
transformability of electrocompetent cells, RN4220 was 
harvested at early, mid, and late log and prepared for 
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electroporation as previously described. Table 6 summarizes 
the electroporation frequencies and efficiencies achieved 
using pC194 (0.1 fig DNA) at 12.5 kv/cm and lOOn of resistance. 
The results indicate that mid-log RN4220 cells provided the 
greatest electroporation efficiencies. This difference in 
electroporation efficiencies may be due in part to the 
physiological state of the cells at this stage of growth. 
Ligations 
The goal of optimizing the electroporation protocol was 
to enable the recovery of newly constructed Tn9I7 derivatives 
into S. aureus with a greater efficiency than that which could 
be achieved by the transformation of protoplasts or TOF 
mutants. To demonstrate this, 0.5 fxg of Hindlll-cut and self-
ligated pC194 DNA was electroporated into RN4220 cells. 
Initial attempts to electroporate ligation mixtures resulted 
in consistent arcing during electroporation; therefore, prior 
to use in electroporation, ligated DNAs were ethanol-
precipitated and resuspended in water to remove the Mg** ions. 
Self-ligated ethanol-precipitated pC194 DNA resulted in 
electroporation efficiencies of 1.14 x 10^ transformants/jug of 
DNA which is not far from the efficiencies seen with 0.1 ng of 
CsCl-purified pC194 DNA. Self-ligations of 500 ng of EcoRl-
cut pTV32(ts) DNA resulted in efficiencies of about 1 x lo' 
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Table 6. Effects of the stage of growth of S. aureus RN4220 
on electroporation with pC194 DMA* 
Stage of growth frequency'' efficiency^ 
early log 8.27 X 10"^ 4.55 X lo'^  
(ODgjjg^O . 15) 
mid-log 2.18 X 10 " 1.20 X 10^ 
(OD540=0'55) 
-7 A late log 8.54 X 10 ^  4.70 X 10 
(OD5w=0.90) 
* cells were concentrated to the same density (about 5.5 x 
10 cells/ml) when harvested at each stage of growth. 
frequency = transformants/cfu. 
° efficiency = transformants/^g of pC194 DNA. 
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transformants/zLtg of DNA, which showed that electroporation of 
ligated pTV32(ts) DNA would yield about 200 colonies per 
plate. This is an adequate number for the isolation of 
recombinants from ligation mixtures. 
Construction of Tn917 derivatives 
The cloning scheme for pTVG consisted of subcloning the 
2.0-kb Hindlll fragment of pGM3-27, which contains the Gm'' 
gene of Tn4001, into pTV32(ts) (Fig. 1). This was 
accomplished by digesting 10 fig of pGM3-27 DNA with Hindlll 
followed by a fill-in reaction using the Klenow fragment of 
DNA polymerase I. Aliquots of the blunt-ended product were 
ligated with Smal-cut pTV32(ts). Precipitated ligation 
mixtures were electroporated into RN4220. Six colonies were 
isolated at 30®C on BM plates containing 5 /ug/ml of 
chloramphenicol and 6 fig/ml gentamicin; all were individually 
resistant to erythromycin, chloramphenicol, and gentamicin at 
10 /ig/ml each, and all exhibited sensitivity of replication to 
elevated temperatures. To confirm that the transposon 
contained the gentamicin insert in the desired location, 
restriction profiles were constructed by digestion with Smal, 
Kpnl, BamHl and Pstl. Hybridization of the DNA fragments with 
a probe derived from pGM3-27 confirmed the location of the Gm'^ 
gene which was the same for all isolates. One isolate was 
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retained and designated pTVG (Fig. 8). 
pTVT was constructed by cloning the 2.3-kb Hindlll 
fragment of pT181, which contains the Tc*^ gene, into Hindlll-
cut p34H (Fig. 9). p34H is a Gram-negative cloning vector 
which contains an imperfect palandromic multiple cloning site 
(MCS). A gene cloned into the ^ flndlll site is recovered by 
digestion with one of the enzymes contained within the MCS. 
This strategy was used to rescue the Tc"^ gene by digestion 
with Xmal (an isoschizomer of Smal) which was then ligated 
with Xmal-cut pTV32(ts) DNA. The ligation mixtures were 
ethanol-precipitated, resuspended in water and electroperated 
into RN4220. 
Two colonies were isolated on BM plates containing 5 
jtig/ml chloramphenicol and 1 p:g/ml tetracycline. Both 
recombinants were tested to confirm that the plasmids had 
retained temperature-sensitivity and resistance to the three 
plasmid markers as described above. After preliminary 
screening, restriction profiles were performed on one of the 
recombinants using single digests with EcoRl, Hindlll, Hpal, 
Kpnl, Ncol, and Xmal, and double digests with BcoRl/Hindlll, 
EcoRl/Hpal, EcoRl/Kpnl, EcoRl/Ncol and Ncol/Hindlll. The 
restriction fragments were hybridized with p34T. The results 
of the restriction analysis showed that pTVT contained the 
entire p34T plasmid (Fig. 10). Despite this anomaly, pTVT was 
Fig. 8. Restriction map of pTVG. pTVG is a derivative of 
pTV32(ts) in which the 2.0-kb Hindlll fragment of 
pGM3-27 containing the Gm"^ gene has been subcloned 
into Tn9171ac to yield Tn917G. The ends of Tn9I7G 
are defined by the filled-regions of the double 
line. 
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Hpay, 16,793 bp 
.Hpal, 1,606 bp 
yPstl 2,108 bp flamHl, 15,293 bp 
Hpal, 14,608 bp. Gm 
Hpal, 14,306 bp 
lacZ •Hpal, 3,608 bp 
pTVG 
17,277 bp cat •Ncol ,  4,508 bp 
erm 
transposition BamHl,  6,288 bp Kpnl, 11,008 bp 
FcoRl, 7,106 bp 
9,308 bp Wndlll, 8,308 bp 
'^col, 9,208 bp 
Fig. 9. Restriction map of p34H. p34H was constructed by 
digestion of pGEM-13 and pGEM-14 with Bgll and 
Hindlll followed by ligatation to yield the 
duplicated multiple cloning site. Plasmid markers 
include Ap"^. The filled-in arrow denotes the 
origin of replication (104). 
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EcoRI 
Hindlll 
EcoR / 
Sad 
Kpnl 
Aval 
Smal 
BamHI 
XbaJ 
Hindi 
Acd 
SaU 
Pall 
SphJ 
HindJII 
SphJ 
Pstl 
SaU 
Acd 
Hindi 
Xbal 
BamHI 
Aval 
Smal 
Kpnl 
Sad 
EcoRI 
Fig. 10. Restriction map of pTVT. pTVT is a derivative of 
pTV32(ts) in which p34T (the striated region) has 
been subcloned into the Smal site of Tn9171ac to 
yield Tn917T. 1n9l7T contains the Gram-negative 
origin of replication (filled arrow) and Ap"^ gene 
from p34H. The ends of Tn9I7T are denoted by the 
filled-in regions of the double line. 
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JTooRl. 7.410 bp 
Kpnl, 11.310 bp 
/findlll. 8.310 bp 
ffcal, 9,510 bp 
^findUJ. 9.810 
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retained for use in transposon mutagenesis. 
Stability of Tn917 derivatives 
The stabilities of pTVG and pTVT were examined by 
transducing them into RN4220. Transductants recovered at 30*0 
on 5 #g/ml chloramphenicol (selection for the plasmid marker) 
were also resistant to both erythromycin and either gentamicin 
or tetracycline, depending on the plasmid transduced. 
Likewise, transductants recovered with selection for the 
transposon markers contained the Cm"^ marker. The plasmid DNAs 
isolated from representative transductants were analyzed by 
restriction mapping and were shown to be indistinguishable 
from the original constructs. 
Transposon Mutagenesis 
Tn9I7G 
Transposon mutagenesis was performed as described in the 
Materials and Methods section. Pooled transforming DNA 
isolated from ISP2575 [RN4220(pTVG)] grown at 43°C on BHI agar 
plates containing 20 /iig/ml each of gentamicin and 
erythromycin, and thus containing many diverse chromosomal 
insertions of Tn9I7G, was used to transform several NCTC 8325 
derivatives. Each of these recipients carried a chromosomal 
marker (i.e. target marker) near which Tn9I7G insertions were 
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being sought. Most transformations yielded several Gm"^ 
transformants in which the target marker was lost, reflecting 
co-transformation of the chromosomal Tn9I7G and the wild-type 
locus occupied by the target marker in the recipient. The 
chromosomal region carrying each insertion was then identified 
by PFGE and DNA hybridization (using pTV20 as the probe). The 
results are summarized in Fig. 11. 
The results of physical mapping greatly facilitated the 
selection of markers for use in genetic mapping. Although the 
Tn9i7G insertions were isolated as being near their target 
markers, the distance between insert and target (based on co-
transformation frequencies) in some instances was excessive 
for genetic analysis by transformation. The results obtained 
with an insertion of Tn917G isolated as being near 01023 (on 
Smal-G and Cspl-F, Fig. 11) illustrate this situation. 
Hybridization analysis placed this insertion of Tn9I7G on 
Smal-L and Cspl-G (perhaps at the 01307 site), indicating that 
the insertion of Tn917G was not within a distance amenable to 
genetic analysis with the target marker. Similar results were 
obtained by Luchansky and Pattee (54) who isolated TnSSl 
inserts near chromosomal markers. Eight Tn917G insertions 
isolated near diverse markers of interest that were mapped by 
transformation are shown in Table 7. 
The genetic mapping of 01305 indicated that it was 
Genomic map of S. aureus NCTC 8325 containing silent insertions of Tn917G 
(01305-01312). The restriction fragments that hybridized with biotinylated 
pTV20 are identified (•). 
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Table 7. Physical and genetic analysis of Tn9I7G insertions isolated near markers of 
interest 
Tn917G insert location 
Tn917G Target and DNA hybrid- Marker order and map distances'* No. 
insert location ization® analyzed 
01305 01101 ySmal--A Smal--B 01059-(0.94) -01305-(0. 98) -OllOl 1269 
01306 OllOS/Smal--D Smal--a 01108-(0.94) —01306— (0. 64) -01030 2357 
01307 01035;SmaI--E Smal--L 01119-(0.22) -01307-(0. 90) -01035 716 
01308 01035;SmaI -E SmaT.--6 01308-(0.15) -01035-(0. 99) -01105 195 
01309 01101 ;SjnaI--A Smal--A [01309-01212 -OllOl] C 
01310 01027;Smal -C Smal--C [pan-01310]-(0.60)-01027 110 
01311 01005;SmaI -F Smal--F fll005-(0.11) -01311-(0. 07) -01100 155 
01312 01118 ;SjnaI -A Smal -A 01118-(0.96) -01312-(0. 99) -tbrAz;Tn551 692 
® Smal fragment that hybridized with biotinylated pTV20. a and 6 are interim 
designations for small Smal fragments unique to these Tn917G insertions. 
Determined by transformation with strains containing the target and a proximal 
marker as the recipient and Tn917G-containing strains as the donors. The order of 
markers when shown in parantheses was not determined. 
^The genetic location was not determined for 01309. Its position on the map is 
based on PFGE data. 
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between nilOl and 01059 (Table 7). To confirm the location of 
01305, transformation of ISP1254 (01101 and 040) with DNA from 
ISP2649 (01305) showed that 040 was between 01305 and OllOl, 
and transformation of ISP2331 (OllOl and 01074) with DNA from 
ISP2649 (01305) placed 01101 between 01305 and 01074. The 
findings of these genetic crosses indicate that the order of 
markers from 01074 through 040 should be inverted. This 
conclusion also is supported by the hybridization data for 
these markers (Fig 11). All subsequent chromosome maps show 
this corrected order of markers. 
The genetic mapping of 01073 and 01074 indicated that 
these insertions should be located between 01213 and 01101 
(75, Fig. 12), but the hybridization of 01074 to a small Smal 
fragment of about 10 kb conflicted with the genetic data. 
There are 3 small Smal fragments (Smal-N, Smal-0 and Smal-P, 
Fig. 4) which are poorly resolved by PFGE. In the physical 
mapping of 01074, the determination of which of these small 
Smal fragments hybridized with pTV20 could not be deduced. 
However, strains carrying 01074 have an additional Smal 
fragment of about 100 kb that is not found in other 8325 
derivatives. 01074 was isolated in the phage group I strain 
112 and is known to be on an 18-kb Smal fragment (49). When 
moved by transduction into 8325, recombination between donor 
fragment and recipient apparently incorporated 01074 and 
Fig. 12. Diagram of a section of the S. aureus chromosomal map from hla to thrB. The 
restriction fragments which hybridize to the markers are shown (•). Panel 
A depicts the order of markers and their hybridization patterns as most 
recently published (74). Panel B depicts the order of markers and their 
hybridization patterns when the segment from 01074 through 040 is inverted. 
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adjacent Smal sites. While the gene order on the chromosomes 
in phage groups I, II, and III appears to be conserved, the 
genes are not necessarily found on fragments of the same size 
(77) . 
The physical mapping of ISP2650 (01306) and ISP2652 
(01308) placed both markers on small Smal fragments that are 
not seen in other NCTC 8325 derivatives (Fig. 13). 
Accordingly, these fragments have been given provisional greek 
letter designators, and they are not included on the physical 
maps (Figs. 11 and 14). Smal-a (carrying 01306) and Smal-R 
(carrying 01308) are of similar size (about 9 kb) which 
correlates with the size of Tn9I7G which is about 10 kb. Both 
inserts hybridize with Cspl-B, Ascl-B, and Sgrhl-C or SgrAl-E 
(Fig 13) which rules out the possibility that these Smal 
fragments are autonomously replicating. The transformation 
data (Table 7) place these inserts at or near opposite ends of 
Smal-D. 01306 and 01308 both inserted near the ends of Smal 
fragments and generation of the 5-bp duplication from the 
target of Tn917G transposition may have created unique, 
target-dependent, Smal recognition sites that closely bracket 
the transposon. 
The frequency of isolation of Tn9I7G-induced auxotrophs 
was very low. The only Tn9I7G-induced auxotrophic mutations 
found were trp and lys. Two TnPl7G-induced trp mutations were 
Fig. 13. PFGE and DNA hybridization of ISP2651 and ISP2650. (A) CHEF agarose gel 
electrophoretic analysisis of k multimers (lane 1), pTVG (lane 2), ISP2651 
digested with SgrKl (lane 3), Cspl (lane 4), AscI (lane 5), and Smal (lane 
6), ISP2650 digested with SgrAl, (lane 7), Cspl (lane 8), AscI (lane 9), 
and Smal (lane 10), ISP794 digested with Sjnal (lane 11), and Saccharomyces 
cerevisiae chromosomes as molecular weight standards (NEB) (lane 12). (B) 
DNA hybridization with biotinylated pTV20 to a Southern blot of the DNAs 
shown in panel A. 
wmr. 
.1 . . V ' • " I»;• --- ' 
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isolated and the reversion frequency for ISP2593 (trp-
570::Tn9I7G) was 2.64 X lo"' when selected on 1 ng/ml Em and 
>2.64 X lO"' when selected on 6 /Ltg/ml Gm. Tn9I7G-induced Lys 
mutants were observed at a somewhat higher frequency; they 
consistently displayed high reversion to the Lys* phenotype, 
but retained Gm"^. Mahairas et al. (57) isolated several 
TndOOl-induced Lys mutants of NCTC 8325 which also reverted 
to Lys*, yet retained the Gm*^ phenotype of Tn4001. The 
putative Lys* Gm"^ revert ant s were shown to retain the 
lys::Tn4001 mutation, and the Lys* phenotype was attributed to 
intergenic suppression. This also may be the cause of the 
high reversion to Lys* phenotype of the Tn9I7G mutants. 
Although all of the silent chromosomal Tn9I7G insertions 
were shown by DNA hybridization with pTV20 to contain Tn917 
sequences, strains carrying these insertions were sensitive to 
erythromycin. When silent insertions of Tn917G, which 
resulted in the loss of the recipient target markers, were 
recovered on BHI agar containing 6 /xg/ml gentamicin and 
replicated to BHI agar containing 10 ixq/ml erythromycin, no 
growth occurred. Strains carrying chromosomal insertions of 
Tn9I7 grow vigorously under the same conditions. In contrast 
to the silent insertions of Tn917G, the limited numbers of 
Tn917G-induced Lys" and Trp" mutants that were isolated 
consistently displayed the Em'^Gm'^ phenotype expected from 
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Tn9I7G. 
To determine the cause of this phenomen, several 
possibilities were considered. First, if NCTC 8325 naturally 
carries one or more copies of IS256 (which is capable of 
independent transposition; 24, 55), they might act in trans on 
the 300-bp sequences of 1S256 which flank the Gm"^ gene of 
Tn9I7G. This could result in transposition of Gm"^ to the 
chromosome independent of the Em'^-phenotype encoded by Tn9I7G. 
To evaluate this possibility, chromosomal DNAs from several 
strains carrying chromosomal Tn9I7G were digested with Smal 
and resolved by CHEF agarose gel electrophoresis. DNA 
hybridization with a biotinylated probe made from the 1.0-kb 
Clal-PstI fragment of pISM2048, which does not contain any of 
the IS256 sequences found in Tn9I7G, resulted in no 
hybridization signals. EcoRl- and Wcol-digested chromosomal 
DNAs from these strains carrying Tn9I7G also failed to 
hybridize with the IS256 probe. The positive control 
(PISM2048) did hybridize with the probe in both cases. Thus, 
independent transposition of Gm*^ facilitated by an intact 
chromosomal 1S256 cannot be responsible for the Gm'^ Em® 
phenotype of the silent Tn9I7T inserts. 
A second possible explanation for these results is that 
host-mediated homologous recombination between reiterated 
Tn917G sequences could be involved. In addition to the 300-bp 
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IS256 sequences flanking the Gm'^ gene, loss of Em'^ could occur 
following recombination between the internal inverted repeat 
of Tn917 (88) and one of the arms of this transposon. To test 
this possibility, pTVG was electroporated into the Rec' strain 
ISP2272. A Cm'" Gm'" Em'" transformant that failed to maintain the 
plasmid at 43°C was used to generate a pool of transforming 
DNA containing many diverse Tn917G transpositions. This DNA 
was used to transform strains ISP1304 and ISP2101 with 
selection of Gm\. Among the ISP1304 Gm'^ transformants, 59.6% 
were Em®, while 65% of the ISP2101 transformants were Em®. 
Thus, the loss of Em*^ was not dependent on homologous 
recombination between the reiterated sequences of Tn9I7G. 
Thirdly, the inverted repeat located between the Em'^ gene 
and the transposase genes of Tn9I7 contains some sequences 
that confer resolvase functions. The internal inverted repeat 
could interact with either end of the transposon to generate 
duplications or deletions of the intervening sequences, or 
function as a mini-transposon, capable of secondary 
transposition. To determine if this internal fragment was 
missing or if it was located in a different position other 
than that mapped by hybridization with pTV20, Smal digests of 
chromosomal DNA from representative strains carrying Tn917G 
insertions were resolved by CHEF agarose electrophoresis and 
fragments probed with the 1.3-kb Hpal-Kpnl fragment of 
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pTVl(ts) . This 1.3-kb fragment includes only the Em*" gene and 
does not include any sequences with homology to the ends of 
Tn917. The hybridization signals obtained when all of the 
Tn9I7G inserts were probed with the Em'^ fragment coincided in 
every case with the same Smal band shown to carry Tn9I7G by 
hybridization with pTV20. This indicates that the Em"^ gene is 
still present and in the same location as the rest of the 
transposon. The basis for the Em® phenotype of the Tn927G 
chromosomal inserts has not been determined. 
Tn9I7T 
Pooled transforming DNA made from ISP2635 [RN4220(pTVT)] 
grown at 43°C on BHI agar plates containing 20 jug/ml each of 
tetracycline and erythromycin and thus containing many diverse 
chromosomal insertions of Tn9I7T was used to transform several 
NCTC 8352 derivatives carrying target markers. Several Tc*^ 
transformants lacking the target markers were obtained from 
each transformation. Many of these insertions and their DNA 
hybridization patterns are shown in Fig. 14. Like Tn9I7G, 
Tn9I7T randomly inserted throughout the chromosome and in many 
cases more than one insertion of Tn9I7T was isolated near the 
target marker of interest. Unlike Tn917G, all isolates 
carrying chromosomal insertions of Tn917T were Em"^ Tcf. The 
Tn9I7T insertions were not genetically mapped, primarily 
Fig. 14. Genomic map of S. aureus NCTC 8325 containing silent insertions of Tn917T 
(ni313-ni320). The restriction fragments that hybridized with biotinylated 
pTV20 are identified (•). 
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because the ability of these constructs to yield stable 
insertions for genetic mapping had already been demonstrated 
with the Tn917G insertions. Therefore, PFGE was used to 
approximate the location of the Tn9I7T insertions by 
exploiting the internal Smal sites of Tn9I7T. 
To determine the randomness of insertions around a 
specific target, chromsomal DNAs from strains carrying 11 
Tn917T insertions isolated near 01252 and designated Nl-Nll 
were digested with EcoRl and Ncol. The horizontal agarose gel 
containing the EcoRl-NcoI genomic fragments and the 
corresponding DNA hybridization patterns obtained with pTV20 
are shown in Fig. 15. gcoRl and Ncol have 4 restriction sites 
within Tn9I7T, but only l of the internal fragments hybridizes 
with pTV20. The other bands represent the transposon-
chromosomal DNA junction fragments, whose diverse sizes 
indicate that the insertions were randomly located near 01252. 
DNA hybridization patterns showed that the inserts could be 
grouped as follows: N1 and N5; N2, N3, N6, and NIO; N4; N7 and 
N8; and N9 and Nil. These groupings correlate with the PFGE 
data for these Tn9I7T insertions (Fig. 16) with the exception 
of N4 and N9. 01252 is located on Smal-H and 4 of the 11 
insertions (Nl, N4, N5 and Nil) also mapped to Smal-H. 
Insertions N7 and N8 were located on Smal-I and insertions N2, 
N3, N6, N9 and NIO were located on Smal-F . 
Fig. 15. Agarose gel electrophoresis and DNA hybridization of S. aureus Nl-Nll. (A) 
agarose gel electrophoretic analysis of Hindlll-cut A. DNA (lanes 1 and 15), 
EcdRl and Ncol digests of pTVT (lane 2), S. aursus strains Nll-1 (lanes 3-
13), and ISP794 (lane 14). (B) DNA hybridization with biotinylated pTV20 
to a Southern blot of the DNAs shown in panel A. 

Fig. 16. PFGE and DNA hybridization of S. aureus strains Nl-Nll. (A) CHEF agarose 
gel electrophoretic analysis of pTVT (lane 1), X DNA multimers (lanes 2 and 
15), Smal restriction digests of S. aureus strains ISP794 (lane 3) and Nl-
11 (lanes 4-14). (B) DNA hybridization with biotinylated pTV20 to a 
Southern blot of the DNAs shown in panel A. 
vlk^ S 
nmw 
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Lanes 6, 9 and 13 (N3, N6 and NIO) of Fig. 16 reveal a 
50-kb reduction in the size of Smal-F, while in lane 12 (N9) 
Smal-F is 100 kb smaller. To confirm that these changes were 
due to loss of either prophage $11 or $13, or both, from Smal-
F and not caused by the internal Smal sites of Tn9I7T, AscI 
digests of these insertions were analyzed. The resulting DNA 
hybridization patterns confirmed that the loss of one of the 
prophage had occured with N2, N3, and N6 and that both 
prophage were missing from N9 (data not shown). When both 
prophage are lost, Smal-F co-migrates with Smal-H, explaining 
the similar hybridization patterns of N9 and Nil. 
Fig. 16 also demonstrates some of the useful features of 
Tn917T for physical mapping purposes. Based on the size of 
the small fragments generated by the internal Tn9I7T Smal 
sites, the distance from a chromosomal Smal site could be 
estimated. N4, which was on Smal-H, displayed a unique, 
hybridization pattern that suggested that Tn9I7T was inserted 
further away from the ends of the chromosomal Smal junctions 
than other Tn517T insertions on Smal-H. In lanes where a 
small Smal fragment could not be detected, Tn9I7T presumably 
inserted so close to a chromosomal Smal junction that the 
resulting fragment was too small to be detected by PFGE under 
the electrophoretic conditions used. 
The relative strength of the hybridization signals of the 
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two unique Smal fragments caused by the internal Smal site of 
Tn9I7T probably reflect the orientation of the transposon at 
that site. The amount of Tn917T sequences in the chromosomal 
fragment which contains the right arm of the transposon and 
the transposase genes (8.2 kb) and the fragment which contains 
the left arm (100 bp) could result in quite different 
hybridization signals with pTV20. This difference should 
allow the orientation of Tn9I7T insertions to be derived by 
physical mapping of Smal-digested chromosomal DNA. 
Several Tn917T-induced auxotrophs were isolated from 
ISP2635 [RN4220(pTVT)]. Some auxotrophic mutations induced by 
Tn917 have been shown to be unstable upon transfer, indicating 
that the insertion was not within the auxotrophic marker but 
was co-transducible with it (75). The stability of the 
TnPI7T-induced auxotrophic mutations upon transfer are shown 
in Table 8. The co-transduction of the Rib' and Tc*^ phenotypes 
of the riJb: :Tn917T mutation was about 17% (Table 8). TnSSl-
and nitrosoquanidine-induced Rib" mutations also demonstrate 
high reversion frequencies, probably because of suppression. 
Whether the instability of the riJb: :Tn9I7T mutation observed 
during tranfers by transduction is caused by reversion, 
supression, or riJb and the Tn9I7T loci being separate but co-
transducible has not been determined. The Tn917T-induced Lys" 
auxotroph was very stable, which is in sharp contrast to the 
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Table 8. The stability of TnPl7T-induced auxotrophic 
mutations when transferred by transduction to 
RN4220/ 
Donor strain; Stability'' 
ISP2674 8325 -4 r trp561: :Tn9I7T 61/107 (43%) 
ISP2672 8325 -4 r jnetC562 ;Tn9I7T 198/588 (66%) 
ISP2671 8325 -4 r thrA563 ;Tn917T 0/622 (100%) 
ISP2668 8325 -4 r lys564; Tn917T 0/382 (100%) 
ISP2666 8325 -4 r tyrB565 :Tn9I7T 0/847 (100%) 
ISP2673 8325 -4 r rib566: Tn917T 140/169 (17%) 
ISP2670 8325 -4 r' ilv567: : Tn9I7T 20/418 (95%) 
® Phage 80a propagated on the donor strains was used to 
transduce RN4220 with selection for Tc"^. The Tc*^ transductants 
were then scored for the auxotrophic phenotype by replication 
to the appropriate CDS agar. 
'' Number of prototrophs/number of Tc"^ transductants scored 
(percent prototrophs). 
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Tn9i7G-induced Lys" mutants. The predominant auxotrophic 
phenotypes encountered were Trp' and Tyr". No auxotrophs 
requiring purine, pyrimidine, histidine, serine or 
pantothenate were observed. To date, no histidine or serine 
auxotrophs have been isolated in S. aureus with any of the 
transposons available for use. 
Tandem Chromosomal Duplications 
Chromosomal tandem duplications were detected in two 
different regions of the S. aureus chromosome by transducing 
RN4220 (Em®, prototrophic) with phage 80ck propagated on 
strains ISP674(tyrA283;;Tn5SI) and ISP580(iiv-230;:Tn551) with 
selection for Em"^. The Em"^ transductants were scored for the 
auxotrophic phenotype induced by Tn55I. Any Em"^ transductants 
that remained prototrophic for the donor phenotype could 
possess two copies of the wild-type allele of the auxotroph 
and were likely candidates for further study. Because 
generalized transduction frequencies are low and Tn551-induced 
mutations are stable, only one of the two recipient alleles 
can participate in homologous recombination with the donor 
fragment. The resulting Em*^ transductant carries the Tn551-
induced auxotroph at one site (Em*^ Ilv" or Em"^ Tyr"), but 
retains the wild-type allele at the other (Em® Ilv* or Em® 
Tyr*) ; the resulting phenotype is Em"^ prototrophy. 
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By this criterion, the percentage of transductants which 
were prototrophs, indicating they may have contained 
tandem duplications, was 0.97% for the tyrA region and 12.54% 
for the ilv region. Two Em*^ prototrophic colonies from each 
transduction, presumably containing tandem duplications, were 
struck for isolation on CDS agar containing 10 ^g/ml of 
erythromycin, but devoid of the appropriate nutrient. These 
four strains, designated DuA(tyrA)l, Du(tyrA)2, Du(ilv)3, and 
Du(ilv)4, were further characterized to determine the 
stability, transducibility, and sizes of the chromosomal 
tandem duplications. 
Stabilitv of tandem duplications 
Previous workers have shown that chromosomal tandem 
duplications are unstable and revert to one of the haploid 
parental types when grown without selection for the 
duplication (1, 3, 91, 97). To determine the stability of 
these duplications, overnight cultures of ISP580, ISP674, 
Du(ilv;3, Du(ilv)4, Du(tyrA)1, and Du(tyrA)2 grown on BHI agar 
slants were resuspended with saline, diluted and plated on BHI 
agar. The following day the resulting colonies were replica-
plated onto BHI agar plates containing 10 fig/ral erythromycin 
and CDS agar plates devoid of either tyrosine or isoleucine. 
All colonies of ISP580 and ISP674 were auxotrophic for the 
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appropriate nutrient and resistant to erythromycin. 
Table 9 contains the results obtained with ISP580, Du(ilv)3, 
and Du(iiv)4. Segregation into the wild-type haploid parental 
phenotype occurred in 7.4% of the Du(ilv)3 population and in 
15.25% of the Du(ilv)4 population. Em^Ilv" colonies isolated 
from the Du(iiv)4 population could have been formed by a 
recombinational event between the DNA within the duplication 
or by imprecise excision of Tn55l followed by segregation. 
Neither Du(tyrA)1 nor Du(tyrA)2, which contained putative 
tandem duplications involving the tyrA region, gave any 
indication of segregation in the overnight cultures. The 
stability of these putative tandem duplications was further 
tested during serial passage without selection in TSB. 
Segregation to wild-type parental phenotype occurred at 1.9% 
in the Du(tyrA)1 population after approximately 33 generations 
(Table 10) and at 0.5% in the Du(tyrA)2 population after about 
44 generations (Table 11). After approximately 55 
generations, 4.2% of the Du(tyrA)1 population and 2.2% of the 
Du(tyrA)2 population segregated to the wild-type parental 
phenotype. 
The apparant stability of the duplications involving the 
tyrA region compared to the ilv duplications suggested that 
the tyrk duplications were smaller, a conclusion borne out by 
further analysis with Du(tyrA)1. The wild-type phenotype was 
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Table 9. stability of chromosomal tandem duplications 
detected in the ilv region® 
Phenotype observed^ 
Strain No. scored Em'^Ilv'^ Em'"llv" Em^Ilv* Em®Ilv" 
ISP580 
Du(ilV)3 
Du(ilv) 4 
780 
233 
122 
0 
158 
110 
780 
31 
0 
0 
34 
8 
0 
8 
4 
® The number of cfu harvested from the overnight BHI 
slants was between 1.6 x 10 and 6.1 x 10 . 
Cells plated on BHI agar were replica plated to BHI agar 
plates containing 10 ng/nl erythromycin and CDS agar plates 
devoid of isoleucine, valine, and leucine. 
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Table 10. Stability of the chromosomal tandem duplication 
detected in Du(tyrA)l 
No. of 
passages 
in TSB 
No. colonies replicated after 
growth with selection for: 
Phenotype 
Em*" Tyr* 
observed® 
Em®Tyr* 
#2 34; 
42; 
22; 
no selection 
Em""^ 
Tyr* 
30 
42 
21 
4 
0 
1 
#3 331; 
332; 
308; 
no selection 
Em\ 
Tyr 
322 
332 
302 
9 
0 
6 
#4 500; 
517; 
306; 
no selection 
Em""^ 
Tyr* 
500 
517 
296 
0 
0 
10 
#5 225; 
325; 
256; 
no selection 
Em"^ ^  
Tyr* 
223 
325 
244 
2 
0 
12 
® No Tyr' colonies were observed. 
'' Each cycle represents 9-11 generations of growth. Each 
cycle was started by inoculating 5 x 10 cfu into 100 ml of 
TSB, which was incubated at 35°C with gentle agitation for 16 
h. The stationary number of cfu/ml was 9.8 x 10 to 3.03 x 10 
when plated on BHI agar, BHI agar containing 1 /xg/ml 
erythromycin or CDS agar plates devoid of tyrosine. Colonies 
on BHI agar were replica plated onto BHI agar containing 10 
/ig/ml erythromycin and CDS agar plates devoid of tyrosine. 
Colonies on BHI agar containing 1 lig/ml erythromycin were 
replica-plated on CDS agar devoid of tyrosine. Colonies on 
CDS agar devoid of tyrosine were replica-plated to BHI agar 
containing 10 ng/ml erythromycin. 
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Table 11. Stability of the chromosomal tandem duplication 
detected in Du(tyrA)2 
No. of 
passages 
in TSB 
No. colonies replicated after 
growth with selection for; 
Phenotype 
Em*" Tyr* 
observed® 
Em®Tyr* 
#2 21; 
23; 
19; 
no selection 
Em""^ 
Tyr* 
21 
23 
19 
0 
0 
0 
#3 242; 
386; 
336; 
no selection 
Em% 
Tyr 
242 
386 
336 
0 
0 
0 
#4 387; 
423; 
389; 
no selection 
Em""^ 
Tyr* 
385 
423 
388 
2 
0 
1 
#5 318; 
329; 
303; 
no selection 
Em"^^ 
Tyr* 
312 
329 
296 
6 
0 
7 
® No Tyr colonies were observed. 
^ Each cycle represents 9-11 generations of growth. Each 
cycle was started by inoculating 5 x 10 cfu into 100 ml of 
TSB, which was incubated at 35"C with gentle agitation for 16 
h. The stationary number of cfu/ml was 9.8 x 10 to 3.03 x 10 
when plated on BHI agar, BHI agar containing 1 (Mg/ml 
erythromycin or CDS agar plates devoid of tyrosine. Colonies 
on BHI agar were replica plated onto BHI agar containing 10 
Hg/ml erythromycin and CDS agar plates devoid of tyrosine. 
Colonies on BHI agar contianing 1 ng/ml erythromycin were 
replica-plated on CDS agar devoid of tyrosine. Colonies on 
CDS agar devoid of tyrosine were replica-plated to BHI agar 
containing 10 fig/ml erythromycin. 
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the predominant class of segregants isolated in both 
populations of strains containing putative tandem 
duplications. 
Size determination of tandem duplications 
To estimate the limits of Du(ilv)3, Du(IIv)4, Du(tyrA)l, 
and Du(tyrA)2, and to reinforce the conclusion that these 
strains carried tandem chromosomal insertions, they were 
transduced with a series of phage SOck lysates prepared on 
donor strains containing Tn9I7T-induced auxotrophs. Because 
the recipients were Em'^, selection was for Tc*^. The resulting 
recombinants were scored for the phenotype of the Tn5I7T-
induced auxotroph (Table 12). Du(tyrA)1 and Du(tyrA)2 were 
found to contained only the tyrA and trp genes. However, the 
ability to recover Em'^ prototrophs into Du (ilv) 3 and Du(iiv) 4 
from as far away as lys suggested that this duplication was 
quite large. The genetic data (Table 12) also indicated that 
the Du (ilv)4 tandem duplication should include rib. This 
interpretation is jeopardized by the instability of this 
rijb;:Tn9I7T donor during transduction (Table 8). However, the 
low transduction frequencies with which resistant prototrophs 
were recovered with phage prepared on donors containing 
tyrB: îTn917T, iys::Tn917T, and aroAîiTn917T may indicate that 
duplications including ilv and these loci are either formed 
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Table 12. Determination of the size of tandem chromosomal 
duplications by introduction of auxotrophic 
mutations 
Recipient® 
Donor marker Du(tyrA)1 Du(tyrA)2 Du(iiv) 3 Du(ilv) 4 
trp-561::Tn917T 53/75 11/12 _b mm 
metC562i :Tn9I7T 0/402 1/24 0/56 0/91 
thrA563::Tn9I7T 1/837 0/643 - 0/13 
lys-564:;Tn9I7T 0/750 2/609 - 1/765 
aroA::Hc^ 0/327 0/84 0/144 1/130 
tyrB565::Tn917T - - - 2/1830 
rib-567::Tn917T - - - 118/120 
metA411::Tn4001 465/465 
® Recipient strains were transduced with phage 80a 
propagated on strains containing the donor marker with 
selection on BHI agar containing 1 /xg/ml tetracycline. The 
number of transductants that were prototrophic and resistant 
to the antibiotic conferred by the donor marker out of the 
total number of antibiotic resistant transductants are 
indicated for each recipient strain used. 
'' Not tested. 
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infrequently or segregate at a much higher rate than smaller 
tandem duplications. A second and more accurate method of 
measuring the extent of the tandem duplications was to analyze 
them and their haploid parental strains by PFGE and DNA 
hybridization. A comparison of hybridization patterns of 
ISP674 and Du(tyrA)l (Fig. 17) revealed a slight increase in 
the size of Smal-h, Cspl-C, Sgrkl-B, and Ascl-D of DuA (tyrA)l 
and that no new fragments were evident. Fig. 18 is an 
interpretative diagram of the PFGE and DNA hybridization data 
in Fig. 17. The difference in the size of the Smal-A 
fragments of Du(tyrA)l compared to ISP674 was about 25 kb 
using PFGE and parameters that enhanced the resolution of 
these fragments (data not shown). Du(tyrA)l DNA containing 
trp-561::Tn917T and digested with Smal resulted in no 
noticeable differences when compared to trp-561iiTn917T. 
These results were not unexpected because this duplication is 
apparently quite small (25 kb) relative to the size of Smal-A 
(about 673 kb). 
The inability to detect prototrophic Tc"^ transductants 
after transduction of metC562::Tn917T, thrA563::Tn917T, or 
Iys-564:;Tn9I7T (markers which are all proximal to tyrA) into 
Du(tyrA)l indicated that the unique junction fragment was 
located in the region between tyrA and metC. If the tandem 
duplication was shown to contain trp and no new SgrAl 
Fig. 17. PFGE and DNA hybridization of ISP674 and Du(tyrA)l. (A) CHEF agarose gel 
electrophoretic analysis of Smal digests of Du(tyrA)l containing 
trp::Tn917T (lane 1), ISP2674 (trp::Tn917T) (lane 2), AscI digests of 
Du(tyrA)l (lane 3), and ISP674 (lane 4), SgrAl digests of Du(tyrA)l (lane 
5), and ISP674 (lane 6), Cspl digests of Du(tyrA)l (lane 7) and ISP674 
(lane 8), S. cerevisiae chromosomes (molecular weight standard; lane 9), 
Smal digests of Du(tyrA)l (lane 10), ISP674 (lane 11) and RN4220 (lane 12), 
A, multimers (lane 13) and pTVT (lane 14) • (B) DNA hybridization with 
biotinylated pTV20 to a Southern blot of the DMAs shown in panel A. 
A 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 
Mm# 
B 
48.5 
Fig. 18. Diagram of a section of the chromosomal maps for the haploid strain, ISP 
674 and the diploid strain, Du(tyrA)l. The sections of these chromosomal 
maps summarize the PFGE and DNA hybridization data for these two strains of 
S. aureus. The fragments which hybridized with pTV20 are denoted by the 
filled circle. The location of tyrA;:Tn551 is denoted by the filled 
triangle and the wild-type allele by the hollow triangle. The location of 
the unique junction fragment is denoted by the filled square. The end of 
the tandem duplication is indicated by the double slash lines. The scale 
for this drawing is 1 cm = 30 kb. 
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fragments were generated, the end of the tandem duplication 
must lie in the region between trp and the SgrAl-F/B junction. 
These conclusions are consistent with the results of the 
genetic analysis that this tandem duplication is quite small 
(approximately 25 kb). 
The PFGE analysis of the chromosomal tandem duplications 
that include ilv indicated that these duplications were much 
larger than the tyrA duplications. The results obtained with 
ISP580 and Du(iiv)4 digested with Smal, Cspl, SgrrAl, and AscI 
and the corresponding DNA hybridization results (Fig. 19) 
allowed the size of Du(ilv)4 to be determined, showed where 
the unique junction fragment and the end of the duplication 
were located, and which copy of ilv contained the Tn551-
induced mutation. A summary diagram of the PFGE and DNA 
hybridization results appears in Fig. 20. 
Smal digests of Du(iiv)4 DNA indicated that neither were 
there any new fragments nor did there seem to be an increase 
in the size of the fragments as compared to the haploid 
strain, RN4220. The increased size of the Smal-B fragment of 
ISP580 is caused by a positive converting phage (#ISP) that 
integrates on Smal-B; this phage is not present in RN4220. 
The Cspl-A and SgrAl-D fragments of Du(llv)4 were 150 kb 
larger than in ISP580, and no new fragments were generated in 
Du(iiv)4 by digestion with either of these enzymes. These 
Fig. 19. PFGE and DNA hybridization of ISP580 and Du(ilv)4. (A) CHEF agarose gel 
electrophoretic analysis of AscI digests of Du(ilv)4 (lane 1), ISP580 (lane 
2), SgrAl digests of Du(ilv)4 (lane 3), ISP580 (lane 4), S. cerevislae 
chromosomes as molecular weight standard; lane 5), CspT digests of Du(ilv)4 
(lane 6), ISP580 (lane 7), Smal digests of Du(llv)4 (lane 8), ISP580 
(lane 9), RN4220 (lane 10), k multimers (lane 11) and pTVT (lane 12). (B) 
DNA hybridization with biotinylated pTV20 to a Southern blot of the DNAs 
shown in panel A. 
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Fig. 20. Diagram of the sections of the S. aureus chromosomal maps for ISP580 and 
Du(ilv)4. A summary of the results of the PFGE and DNA hybridization 
data for the haploid strain (ISP580, ilv::Tn551) is depicted in part A and 
the diploid strain [Du(ilv)4] depicted in part B. DNA hybridization with 
pTV20 to digested chromosomal fragments is indicated by the filled circles. 
The location of ilv:iTn551 is denoted by the filled triangles and the 
location of the wild-type ilv allele is denoted by the hollow triangle. 
The location of the unique junction fragment is identified by the filled 
squares and the ends of the tandem duplication are depicted by the double-
slashed lines. The scale for this diagram is l cm = 50 kb. 
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results suggest that 150 kb of chromosomal sequences were 
duplicated in this isolate and that the tandem duplication 
must be contained within SgrKl-D and Cspl-h. 
The location of the junction fragment was determined from 
three pieces of information; there was only an increase of 150 
kb in 5grrAl-D and no new SgrrAl fragments were detected, the 
absence of change in Smal digests of Du(IIv)4 and the fusion 
of the Ascl-C and Ascl-E fragments to generate a new fragment. 
Since no new fragments were generated by digestion with SgrKl, 
the SgrrAl-D/A junction could not be included in the duplicated 
region. The absence of change in the DNA hybridization of the 
Smal digests suggested that the unique junction fragment was 
located within the Smal-F/1 junction. If 150 kb were to be 
added to Ascl-C (which includes the Smal-F/I junction), the 
size of the resulting fragment would correspond to the new 
AscI fragment that hybridized with pTV20. Therefore, the 
junction fragment was believed to be located near the Smal-F/I 
junction. 
Since the estimated size of the Du(IIv;4 tandem 
duplication was 150 kb and it is contained entirely on SgrAl-
D, the location of the other end of the tandem duplication had 
to be near the Smal-K/J junction (i.e., 150 kb from the 
location of the unique junction fragment and including ilv). 
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Smal-F, Cspl-A, SgrAl-D and Ascl-E contain the prophage $11 
and $13 integration sites. The strains used in the analysis 
of these chromosomal tandem duplications were nonlysogenic for 
these prophage; therefore, the approximate sizes of these 
fragments were 108 kb for Smal-F, 600 kb for Cspl-A, 200 kb 
for SgrAl-D, and 320 kb for Ascl-E. Using these values, the 
location of the end of the tandem duplication should be in the 
Smal-J/K junction, which is consistent with the lack of new 
fragments generated by Smal. 
Biotinylated pTV20 hybridized to the Ascl-C fragment of 
ISP580 DNA as expected. The fused Ascl-C/E fragment of 
Du(llv)4 hybridized with pTV20 which indicates that iIv::Tn55l 
must be in this fused fragment. Therefore, ilv::Tn551 must be 
very close to the unique junction fragment. 
During the genetic characterization of Du(ilv) 4, one Lys* 
Tc"^ transductant of Du(ilv) 4 was recovered using phage 80a 
carrying the lys::Tn917T donor fragment. These observations 
raised the possibility that Du(iiv;4 as characterized thus 
far, might represent a more stable derivative of a tandem 
duplication of considerably greater size. This possibility 
was also suggested by the aroA: :Tc^ and tyrB: :Tn917T data 
(Table 12). To evaluate this possibility, the Du(ilv)4 Lys* 
Tc"^ transductant [referred to hereafter as Du(ilv-Iys) 5] was 
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analyzed by PFGE and hybridization with blotlnylated pTV20. 
The results are summarized In Fig. 21. 
The unique junction fragment and ilv::Tn551 were In the 
same location as In Du(ilv)4, as demonstrated by the 
hybridization of pTV20. In addition to the AscI~E/C fusion, 
several other fragments were fused, as determined by Increased 
fragment size: Cspl-C to Cspl-A and SgrAl-B to Sgrkl-D and 
Ascl-D to Ascl-C. The Smal-F/I junction generated a fragment 
of about 465 kb which Indicated that the end of the tandem 
duplication was within 450 kb of the Smal-A fragment which 
Included lys. The sizes of the fused fragments provided 
evidence that the lys::Tn917T mutation was Included In the 
tandem duplication. 
The sizes of fragments generated by Smal, Cspl, Sgrkl, 
and AscI which hybridized with pTV20 In the haplold strain 
(ISP2668 lys-564::Tn917T) were also preserved In Du(ilv-lys)5. 
Therefore, the lys:;Tn917T mutation had to be located In the 
nonfused fragments. This places the Iys;:Tn9I7T mutation In 
the distal lys allele rather than In the lys allele which Is 
proximal to the junction fragment. Therefore, Du(llv-Iys)5 
carries a chromosomal tandem duplication which encompasses 
about a fourth of the S. aureus chromosome. 
Fig. 21. Diagram of a section of the S. aureus chromosomal maps for the haploid 
strains, ISP580, ISP2668 and the diploid strain, Du(ilv-Iys)5. These 
sections of the chromsomal maps summarize the PFGE and DNA hybridization 
data for these three strains, ISP580 contains only ilv;;Tn551 and ISP2668 
contains only lys::Tn917T. DNA hybridization with pTV20 to digested 
fragments is indicated by the filled circles. The location of Iys::Tn927T 
is denoted by the hollow triangles and the filled triangles denotes the 
location of ilv::Tn551. The location of the unique junction fragment is 
identified by the filled squares and the ends of the tandem duplication are 
depicted by the double-slashed lines. The scale for this diagreim in 1 cm = 
100 kb. 
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Transducibilitv of tandem duplications 
The transducibility of a tandem duplication is dependent 
on the distance of the selected marker used in the 
transduction from the unique junction fragment. The closer 
the marker used for selection is to the unique junction 
fragment, the higher the transduction frequencies for the 
duplication phenotype should be. The transducibility of the 
chromosomal duplications was determined by transducing RN4220 
with phage 80a propagated on each of the tandem duplication 
strains and the haploid parental strains (Table 13). To 
confirm that these transductants contained tandem 
duplications, Em*^ prototrophic colonies were struck for 
isolation on CDS agar that was devoid of tyrosine or 
isoleucine but contained 10 jug/ml of erythromycin. Isolated 
colonies from the plates for double selection were used to 
inoculate BHI agar slants and the following day dilutions were 
plated on BHI agar plates. These plates were replicated to 
BHI agar plates containing 10 p:g/ml erythromycin and CDS agar 
plates devoid of either tyrosine or isoleucine and scored for 
their subsequent phenotypes. In all instances, the 
transductants were unstable indicating the presence of a 
tandem duplication. 
The apparent ease with which the duplications underwent 
transduction suggested that the markers used to detect the 
duplications were quite close to the unique junction 
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Table 13. Transducibility of tandem duplication phenotypes 
compared to haploid parental phenotypes* 
Donor Auxotrophic Prototrphic Prototrophic 
Em'^ Em"* Era® 
ISP674 407/413(0.99%) 4/413(0.97%) 2/413(0.48%) 
Du(tyr A)1 0/161 (0%) 97/161(60%) 64/161(39.8%) 
Du(tyr A)2 606/673(90%) 56/673(8.32%) 11/673(1.63%) 
ISP580 493/566(87.1%) 71/566(12.54%) 2/566(0.35%) 
Du(ilv) 3 324/473(68.5%) 149/473(31.5%) 0/473(0%) 
Du(ilv)4 102/126(81%) 24/126(19.05%) 0/126(0%) 
* Phage 80a propagated on donor strains was used tcJ 
transduce RN4220 with selection for Em*^. The transductants 
were then scored for Em*^ and prototrophy. 
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fragments. These results supported the findings of the 
physical mapping, which showed that the Tn55J.-induced 
auxotrophic mutations used to detect the tandem duplications 
mapped close to the unique junction fragments. 
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DISCUSSION 
Construction of two Tn917 derivatives has made it 
possible to further analyze the S. aureus chromosome using 
genetic and physical mapping techniques. The development of 
an electroporation protocol for S. aureus was imperative to 
the successful introduction of the Tn917 derivatives into this 
microorganism. Many researchers who work with S. aureus have 
developed protocols for the electroporation of plasmid DNA 
into S. aureus; all have efficiencies of about 10^ to 10^ with 
small, high-copy number plasmids such as pC194. 
Most electroporation protocols for S. aureus suggest the 
use of 0.2-cm cuvettes with electroporation settings of lOOn 
of resistance and 2.5 kv voltage applied across the sample. 
However, almost all electroporation protocols developed for S. 
aureus differ in the composition of the regeneration medium. 
The regeneration medium described in this study (SSB) included 
4X SOC, which increased the concentration of important 
physiologically active electrolytes, and normal rabbit serum 
which may aid in stabilizing the cell wall after 
electroporation. A 2-fold increase in electroporation 
efficiencies was obtained with SSB compared to the 
regeneration medium described by Augustin and Gotz (5). 
Fibronectin was shown by Thompson et al. (99) to be the 
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component of normal rabbit serum that enhanced the frequency 
of transformation of chromosomal markers in S. aureus by 
stabilizing the cell wall during phage infection. S, aureus 
has receptors which can each bind 6 to 10 fibronectin 
molecules (22). Bozzini et al. (22) determined that the S. 
aureus receptor interacts with the N-terminal domain and the 
internal heparin-binding domain of fibronectin. The internal 
heparin-binding domain is also capable of binding DNA which 
may explain the enhancement of DNA uptake when fibronectin is 
present. 
The addition of 15 /xg of fibronectin to SSB resulted in a 
1.5-fold increase in the electroporation efficiencies over 
controls. However, efficiencies obtained by adding 
fibronectin were lower than those achieved with normal rabbit 
serum. This may indicate that there are other elements in 
normal rabbit serum that participate in the enhancement of 
transformation frequencies and efficiencies. 
The previously used methods for plasmid transformations 
of protoplasts and TOF mutants required large amounts of DNA 
(^ 10 fig) which makes their use impractical for the 
introduction of ligation mixtures into S. aureus. The 
demonstration that experimentally adequate numbers of 
transformants could be obtained by electroporation using DNA 
concentrations typically found in ligation mixtures greatly 
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simplified the recovery of the Tn9I7 derivatives. Optimal 
efficiencies were obtained with 100 ng of pC194 (2.9 kb) or 
pE194(ts) (4.0 kb) DNA, whereas pTV32(ts) (15.6 kb) was shown 
to have optimal efficiencies when using 200 ng of DNA. 
Another electroporation parameter that was analyzed was 
the stage of growth at which the cells were harvested for use. 
Cells harvested in the exponential growth phase yielded higher 
electroporation efficiencies than cells harvested at the 
early- or late-log phases. Lindberg et al. (53) reported that 
cells just entering log phase were most suitable for the 
transformation of chromosomal markers. Cells just entering 
log phase are more susceptible to potentially damaging 
environmental forces, and it may be that the stress of 
electroporation is more damaging to cells at this phase as 
well. Cells in exponential phase are more physiologically 
active, which may enable them to recover from electroporation 
and support gene expression more efficiently. 
To date, few researchers have been able to obtain 
efficiencies greater than lo'trans formants//Ltg of DNA with S. 
aureus or other Gram-positive microorganisms. The 
efficiencies obtained with Gram-negative microorganisms range 
from 10^° to 10^^ transformants//ig of DNA. The difference in 
the efficiencies obrained by the two classes of microorganisms 
suggests that the structure or composition of the outer cell 
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surfaces may play a role in the mechanism of DNA uptake by 
electroporation. 
Introduction of the Tn917 derivatives directly into S. 
aureus from ligation mixtures greatly reduced the amount of 
work normally required to initiate transposon mutagenesis. 
The two constructs differed by the antibiotic resistance genes 
they carried and by the inclusion of Gram-negative plasmid 
sequences in pTVT. pTVG, which conferred gentamicin 
resistance, was 17.26 kb in size; restriction mapping 
confirmed that only the 2.0-kb HinAlll fragment of Tn4001 was 
inserted. The restriction map of pTVT revealed that the 
entire p34H plasmid containing the Tc"^ gene of pT181 was 
ligated to pTV32(ts). Both pTVG and pTVT were stable upon 
transfer by transduction. The plasmid DNAs isolated from 
representative transductants were shown to be identical to the 
original plasmids. 
The inclusion of the Gram-negative cloning vector in 
Tn9I7T, while unintentional, may prove to be useful. The 
sections of the MCS of p34T which were subcloned into pTVT 
provide the means for cloning a suitable reporter gene just 
inside the left arm of Tn927T. In this location, the reporter 
gene could serve to generate translational fusions with 
adjacent S. aureus chromosomal DNA genes. In addition, the 
MCS and the Gram-negative origin of replication of pTVT may 
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provide a means for the subcloning of S. aureus chromosomal 
DNA into E. coli, a host that is potentially more useful for 
genetic manipulation, as a means of screening for promoters 
and for transposon mutagenesis. This could be accomplished by 
digestion of chromosomal DNA containing an insertion of Tn917T 
near a sequence of interest with PstI, Hindlll, or Ncol 
followed by ligation and electroporation of the ligated 
products into E. coli. Finally, it may be possible to deduce 
the orientation of Tn9I7T insertions from the hybridization 
signals, which would provide information about which 
chromosomal sequences are adjacent to the left arm of Tn917T 
and thus amenable to subcloning into E. coli. 
The results of the transposon mutagenesis of S. aureus 
with Tn9l7G and TnPI7T resulted in the isolation of randomly 
distributed insertions throughout the chromosome. Many of the 
recipient chromosomal markers, which served as target markers 
for insertions of Tn517G and Tn9I7T, were in regions of the 
chromosome in which few markers were available. Furthermore, 
the extensive reliance on Tn551 (and Tn9I7 to a lesser extent) 
left several gaps in the genetic map whose limits were defined 
by markers resulting in the Em"^ phenotype. Tn9I7G and Tn917T 
apparently have the ability to insert into many chromosomal 
sites of S. aureus and confer either the Gm"^ and Tc"^ phenotype. 
Also, while somewhat cumbersome, the inducible and 
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constitutive Em'^ phenotypes of Tn917 and Tn551 can be 
differentiated on BHI agar containing 1 mg/ml erythromycin 
with 12-h incubation. Thus, these constructs clearly hold 
considerable potential to extend the chromosomal map. 
Clearly, the isolation of 01306 between 01030 and 01108 offers 
one specific instance where a previously existing gap in the 
genetic map of NCTC 8325 has been bridged by transformation. 
The physical mapping of the chromosomal Tn917G and Tn917T 
insertions provided an approximate location of these 
insertions and aided in the selection of strains for use in 
genetic mapping. Since some of the Tn9I7T insertions were 
located in regions where they were not amenable to genetic 
mapping, they were mapped by PFGE by taking advantage of the 
internal Smal sites. The strengths of the relative 
hybridization signals of the two Smal fragments of Tn9I7T with 
biotinylated pTV20 can be used to determine the orientation of 
the insertion. The fragment which contains the transposase 
genes and the right arm of the transposon includes 8.2 kb of 
DNA with homology to pTV20 and thus generates a stronger 
signal than the fragment that contained the left arm of the 
transposon which consists of only 100 bp of Tn9I7T which can 
react with pTV20. If the expression of a gene is affected by 
the insertion of Tn917T, the orientation of the insertion 
would be relatively easy to discern by PFGE. 
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Most of the Tn9I7G silent insertions examined were 
genetically linked to their target markers by transformation, 
the genetic data were consistent with the results of physical 
mapping, and these results were in agreement with the 
published chromosome map of NCTC 8325. The results obtained 
with 01305, when considered with the results of physical 
mapping of the order of markers from 01074 through 040 (Fig. 
12; 75) showed that the sequence of genes surrounding the 
Smal-B, -N, -A region should be ... 01059 - 01075 - 040 -
(01212, 01101) - 01073 - 01074 - 01213 - recA - thrB...(Fig. 
12). In addition, a three-factorial transformation analysis 
of 01101, 01073 or 01074, and 01213 placed these markers in 
this order (75). Not only did this modification of gene order 
reconcile the conflicts in the hybridization data for 01073 
and 01074 (both of which are co-transducible with uvs-1), 
01212 and 040 (Fig. 12), but the revised gene order placed 
recA adjacent to uvs-1. recA is a knockout mutation of reck* 
constructed by cloning the S. aureus reck* gene (using the E. 
coli reck gene as a hybridization probe), insertionally 
interrupting the S. aureus gene with the Em"^ gene of pE194, 
and replacing the wild-type allele on the NCTC 8325 chromosome 
with the mutation by recombination. The DNA sequence of the 
wild-type allele has been sequenced (9). uvs-1 was isolated 
by Goering (30). More recently, 01073 and 01074 were isolated 
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near uvs-1, and these insertions (with and without uvs-1) were 
transduced into the NCTC 8325 background, where the inserts 
have been mapped and the Rec' phenotype confirmed by 
transduction with plasmid- and chromosomally-borne markers, 
and enhanced sensitivity to ultraviolet radiation and 
mitomycin C (88). 
The corrected gene order for this region is supported by 
the genetic and hybridization analyses of these markers, with 
the exception of 01074. The genetic mapping of 01074 with 
respect to other markers in this region placed it between 
01101 and 01213, but 01074 hybridized with a small Smal 
fragment (previously thought to be Smal-N) which logically 
could not be located within Smal-A. The physical mapping of 
Smal digests of ISP2274 not only placed 01074 on a small Smal 
fragment but an anomalous fragment of about 100 kb also 
appeared. This 100-kb fragment could contain the region from 
040 to 01074, which correlates with the placement of 01074 
determined by genetic mapping. 01074 was originally isolated 
in strain 112, a phage group I strain of S. aureus, and moved 
into the phage group III strain, RN4220. 01074 is on a 18-kb 
Smal fragment in strain 112 (49). It is very probable that 
when 01074 was transferred from strain 112 to 8325 via 
transduction, the Smal sites adjacent to 01074 were also 
transferred. The gene order for most of the markers examined 
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amoung the different phage groups is preserved. However, it 
has been shown that they are not necessarily found on 
fragments of the same size (77). 
The physical mapping of 01306 and 01308 (Fig. 11) 
resulted in the detection of small Smal fragments (<9 kb) 
unique to these two insertions. Because both of these 
insertions also mapped to known chromosomal fragments obtained 
by digestion with Cspl, SgrAl, and AscI, the possibility that 
these fragments represent autonomously replicating elements 
was eliminated. The genetic mapping of these insertions 
indicated that they were not located in the same site (Table 
7). Both of these insertions were located near Smal 
junctions. Transposition of Tn9I7 and its derivatives 
requires duplication of the 5-bp target sequence (80) . Should 
this occur within the GC-rich Sraal recognition sites (that in 
turn occur in some of the larger rrn sequences; 77), the 
inserted Tn917 element would carry Smal recognition sites at 
either end. Such appears to have occurred with insertions 
01306 and 01308. The sizes of Smal-a and Smal-B were both 
about 9 kb which correlates with the size of Tn9l7G (about 10 
kb). 
While the auxotrophic phenotypes of Tn9I7G- and Tn9I7T-
induced auxotrophs were stable and retained the anticipated 
resistance phenotypes, the basis of the Em® Gm"^ phenotypes of 
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the silent insertions of Tn917G remain unclear. Several 
approaches were taken in attempts to explain this Em® 
phenotype. The presence of IS256 or IS256-like elements in 
the S. aureus strains used was tested for, the role of 
homologous recombination between the 300-bp fragments of IS256 
elements flanking the Gm"^ gene, or between reiterated 
sequences of 11x917 was evaluated, and the presence and 
location of the Em*^ gene in these strains was determined. 
IS256 is capable of independent transposition, it has 
been detected independently of Tn4001 in S. aureus (24, 55) . 
Native chromesomal insertions of IS256 could possibly act in 
trans on the 300-bp fragments of IS256 which flank the cloned 
gene of Tn9I7G. DNA hybridization of S. aureus strains 
containing Tn917G insertions with a 1-kb fragment of 1S256 
(which did not contain any of the IS256 sequences flanking the 
Gm"^ gene of pTVG) failed to detect IS256 or IS256-like 
elements inserted in the chromosome. 
To determine if homologous recombination could be 
occurring between any of the reiterated sequences of Tn9I7G, 
transposon mutagenesis was performed with Tn917G in a Rec 
background. Between 35% and 44% of the transformants 
recovered were erythromycin-sensitive, indicating that the Em® 
phenotype was not due to homologous recombination. 
Since all of the insertions hybridized with pTV20, at 
142 
least one end of the transposon must have been present. DNA 
sequencing of Tn917 by Shaw and Clewell (87) indicated that an 
inverted repeat which has 38 bp of homology with the right arm 
of the transposon and 73 bp of homology with the left arm of 
the transposon was present. This inverted repeat is located 
between of the open reading frames the Em"^ gene and the 
transposase genes. Sequences in both the left arm and the 
inverted repeat contain regions similar to the internal 
resolution site of Tn3. It was suggested by Shaw and Clewell 
(87) that this arrangement could provide a means for 
recombinational amplification and/or deletion events. Given 
this arrangement, it appeared possible that the Gm"^ gene could 
transpose to a new site independently of other Tn917G 
components. The location of the Em"^ gene was determined by 
PFGE and DNA hybridization with the 1.3-kb Kpnl-Hpal fragment 
of pTVl(ts) and the Gm*^ gene was located using the Gm"^ gene of 
Tn4001. In each case, the Em^and Gm'^ genes were on the same 
chromosomal fragments. These results ruled out the 
possibility of independent and perhaps secondary-
transpositions or rearrangements that would eliminate the Em*^ 
gene from Tn9I7G, or other events that might lead to 
transposition of only Gm*^ to a specific site. 
If the internal inverted repeat of Tn917G was to interact 
with the right arm, only the transposase genes would be 
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affected. The direction of transcription and translation is 
from left to right in Tn917; therefore, deletion or 
duplication of the transposase genes should have no effect on 
expression of the gene. Such an event would also result 
in hybridization of a second fragment with pTV20 in the 
restriction digests resolved by PFGE. No such pattern was 
observed. 
The very few Tn5I7G-induced auxotrophs isolated proved to 
be both and Em*^. A more extensive library of Tn917G-
induced auxotrophs is needed to determine if the Em® Gm"^ 
phenotype is characteristic of only the silent Tn9I7G 
insertions. Although Tn917G often yields Em® Gm*^ chromosomal 
insertions, and while the reason for this unknown, it is clear 
that Tn917T and Tn9I7G produced stable, random insertions 
throughout the chromosome, confirming their usefulness as 
tools in the genetic analysis of the S. aureus chromosome. 
Chromosomal tandem duplications have been detected in a 
wide variety of microorganisms and have been shown to involve 
large regions (up to 21%) of the chromosome (1). Because 
tandem duplications contain congruent sections of the 
chromosome, they can be used in genetic mapping in a fashion 
similar to the conjugal system of E. coli. It is possible to 
determine whether or not two genes are located within a single 
tandem duplication, thereby demonstrating their linkage to one 
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another. Because the duplications can be large, and 
presumably can occur in diverse regions of the chromosome (3), 
they provide an attractive alternative to transformation for 
genomic mapping in S. aureus. 
By transducing RN4220 with TnSSI-induced tyrA and ilv 
mutations, putative chromosomal tandem duplications were 
detected at frequencies of 0.97% and 12.54%, respectively. In 
the two tandem duplications that were analyzed in detail, the 
marker used to detect the duplication was shown to be quite 
close to the unique junction fragment; this situation 
accounted for the relatively high frequency with which the 
duplication could be transduced. 
The sizes of the tandem duplications were estimated by 
two methods: genetically by transduction of TnPiZT-induced 
auxotrophic mutations, and physically by PFGE and DNA 
hybridization. Transduction of Tn9I7T-induced auxotrophic 
mutations into strains containing the tyrA duplications showed 
that only the trp mutation was also included in the tandem 
duplication. The physical mapping of tandem duplications 
detected in the tyrA region reflected an increase of 25 kb in 
size which confirmed the genetic data. 
The Du(ilv)4 duplication contained an estimated 150 kb of 
DNA, which is consistent with the genetic characterization and 
is based on the physical mapping of this duplication. When 
145 
Du (il V) 4 was genetically characterized, rare Tc*^ prototrophic 
transductants, which included the aroA::Tc% tyrB:;Tn9I7T, 
thrAi:Tn917T, and lys::Tn917T mutations, were retained. 
Parenthetically, it should be pointed out that these isolates 
were now Tc*^ Em"^, making further genetic characterization 
impractical. However, Du(liv-Iys)5 was further characterized 
by PFGE and DNA hybridization. 
The physical mapping of Du(ilv)4 revealed an increase of 
150-kb in the Cspl-A and 5grrAl-D fragments, a new 150-kb 
fragment generated by the fusion of Ascl-E and -C, and no 
change in the size of the Smal fragments which hybridized with 
pTV20. Since the increase of the sizes of the Cspl and SgrAl 
was 150 kb and smalller fragments were not detected, the size 
of the duplication was determined to be 150 kb. Hybridization 
with pTV20 indicated that the Tn551-induced ilv mutation was 
located on the fragment generated by the fusion of Ascl-E and 
Ascl-C rather than on Ascl-C (which carries iIv;;TnS5I in the 
haploid parental). The unique junction fragment was located 
at the Smal-F/I junction based on the size of the fused Ascl-
E/C fragment and the end of the duplication was near the Smal-
J/Smal-K junction based on the increases in the Cspl and SgrAl 
fragments and the lack of change in the Smal fragments. 
The physical evidence showed that the Du(ilv-lys)5 
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involved about 27% of the S. aureus chromosome, from ilv 
through lys. The evidence showed that the region of 
duplication shared by Du(ilv)4 and Du(llv-Iys)5 was 
indistinguishable with regard to the ilv-proximal terminus and 
the location of the ilv::Tn551 mutation. Clearly, the 
duplication carried by Du(ilv-Iys)5 extends well beyond the 
150-kb limit of the Du(ilv)4 duplication. 
A commonality of tandem duplications detected in 
different microorganisms is their instability. Segregation 
into one of the haploid parental phenotypes is thought to 
occur by homologous recombination between sequences of the 
duplicated region. In this study, the instability of the two 
tandem duplications correlated with their size. The tandem 
duplications that included ilv segregated into the wild-type 
haploid parental phenotype after 10-11 generations of growth 
without selective pressure. 
In contrast, the tandem duplications detected near tyrA 
were quite stable; segregation into the wild-type parental 
phenotype was only detected after 33-44 generations of growth 
in nonselective medium. This difference in stability is 
almost certainly a reflection of size differences (about 25 kb 
for Du(tyrA) 1 vs. about 150 kb for Du(ilv)4, although they 
also occupy different chromosomal regions that contain unique 
genetic elements, making direct comparisions difficult. In 
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general, prokaryotes tend to maintain minimal haploid 
chromosomes, and the larger a region of partial diploidy (as 
with tandem duplications) the more efficient will be its 
reversion to the haploid state. 
Given the relatevely low frequency with which tandem 
duplications occur in S. aureus, it is probable that Du(ilv)4 
represents a more stable segregation product of Du(ilv-lys)5. 
The manner in which D\i(ilv-lys)5 was obtained -as a rare 
transductant recovered from Du(ilv)4 - and the low frequency 
with which other prototrophs were observed during 
characterization of Du(ilv)4 by transduction, may reflect 
heterogeneity in the Du(ilv)4 population. Hill et al. (36) 
demonstrated that recombination between different rrn genes 
within a single tandem duplication yielded different classes 
of segregants. It is possible that recombination could occur 
in the duplicated region that includes ilv and lys between 
either rrn sequences or other reiterated sequences to yield 
more stable isolates, explaining the differences in the 
frequencies of transduction for the Tn917T auxotrophic 
markers. 
The generation of tandem duplications in S. typhimurium, 
in some instances, has been attributed to recombination 
between rrn genes located at different loci on the chromosome 
(3, 4, 36, 91). Pattee, et al. (77) obtained evidence that 
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many of the Smal junctions of the S. aureus chromosome were 
contained in rrn sequences. Smal-F hybridized strongly with 
sequences of rrnH and rrnG from B. subtilis and weak 
hybridization was detected with Smal-K; therefore, the 
formation of tandem duplications in S. aureus could occur by 
unequal recombination between rrn genes. The formation of the 
tandem duplication analyzed in Du(ilv-lys)5 could be the 
product of recombination between the rrn sequences which were 
shown to contain the Smal-F/I junction and either rrn 
sequences or other reiterated sequences (perhaps tRNA 
sequences) near lys. The heterogenity of the size of the 
tandem duplications, which contained the unique junction 
fragment in the Smal-F/I juntion, may be explained by 
recombination between rrn sequences, such as those detected in 
Smal-K, to produce smaller, possibly more stable, duplications 
that constitute the majority of the population analyzed. 
The detection of chromosomal tandem duplications in other 
areas of the chromosome is limited by the location of known 
biosynthetic determinants and transposon-induced auxotrophic 
mutations that affect them. Most of the known genes involved 
in biosynthesis are clustered on Smal-k. his and ilv are 
located in two separate areas of the chromosome but a 
transposon-induced His" mutant has not been isolated with any 
of the transposons available for use. The known genes 
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involved in purine and pyrimidine biosynthesis are scattered 
throughout the chromosome. A few of the TnSSI-induced purine 
and pyrimidine auxotrophs have been characterized, but the 
lack of other auxotrophic mutations in these regions would 
constrain the further genetic characterization of any tandem 
duplications that might include these genes. 
This study has demonstrated the detection and 
characterization of tandem duplications of the S. aureus 
chromosome. In order to further analyze tandem duplications 
in S. aureus, additional Tn917G- and Tn917T-induced 
auxotrophic mutations are needed that are relatively uniformly 
distributed on the chromosome. 
To the best of the author's knowledge, the use of 
physical mapping to characterize tandem duplications has not 
been described in the literature. The results of the physical 
mapping of the tandem duplications analyzed in this study 
suggest that PFGE and DNA hybridization provide an alternative 
method for the characterization of tandem duplications. 
Physical mapping may prove to be a more reliable method that 
avoids the complications of suppressors, phenotypic 
expression, and other anomalies that are associated with 
transposon-induced auxotrophic mutations that are required for 
the genetic analysis of tandem duplications. The detection of 
tandem duplications would still require the use of auxotrophic 
150 
mutations, but for regions of the S. aureus where few 
auxotrophic mutations are available for use in the genetic 
characterization (i.e. the region near pur-140), physical 
mapping could provide the necessary means to analyze the 
tandem duplication. 
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